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Abstract

In recent years Laura Kallmeyer, Maribel Romero, and their ¢ ollaborators
have led research on TAG semantics through a series of papers re ning a sys-
tem of TAG semantics computation. Kallmeyer and Romero brin g together
the lessons of these attempts with a set of desirable propert ies that such a
system should have. First, computation of the semantics of a sentence should
rely only on the relationships expressed in the TAG derivati  on tree. Second,
the generated semantics should compactly represent all val id interpretations
of the input sentence, in particular with respect to quanti er scope. Third,
the formalism should not, if possible, increase the express ivity of the TAG
formalism. We revive the proposal of using synchronous TAG ( STAG) to
simultaneously generate syntactic and semantic represent ations for an input
sentence. Although STAG meets the three requirements above , no serious
attempt had previously been made to determine whether it can  model the
semantic constructions that have proved di cult for other a pproaches. In
this paper we begin exploration of this question by proposin g STAG analy-
ses of many of the hard cases that have spurred the research in this area. We
reframe the TAG semantics problem in the context of the STAG f  ormalism
and in the process present a simple, intuitive base for furth er exploration of
TAG semantics. We provide analyses that demonstrate how STA G can han-
dle quanti er scope, long-distance WH-movement, interact  ion of raising verbs
and adverbs, attitude verbs and quanti ers, relative claus es, and quanti ers
within prepositional phrases.
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1.1 Introduction

In recent years Laura Kallmeyer, Maribel Romero, and their ollab-
orators have led research on TAG semantics through a seriesf pa-
pers re ning a system of TAG semantics computation using evdv-
ing techniques including enriched derivation tree structue (Kallmeyer,
2002a,b), exible composition of feature-based TAG with a £mantic
representation associated with each elementary tree (Katheyer and
Joshi, 2003, Joshi et al.,, 2003, Kallmeyer, 2003), semantifeatures
in a more expressive extension of feature-based TAG (Gardeérand
Kallmeyer, 2003), and, most recently, semantic features orthe deriva-
tion tree itself (Kallmeyer and Romero, 2004, Romero et al.,2004).
Kallmeyer and Romero (2004) bring together the lessons of thse at-
tempts with a set of desirable properties that such a systemisould have.
First, computation of the semantics of a sentence should rgl only on
the relationships expressed in the TAG derivation tree. Beause TAG el-
ementary trees represent minimal semantic units, the only mformation
necessary for semantic computation should be the informatin encoded
in the derivation tree: which elementary trees have combind and the
address at which the combining operation took place. Secondhe gen-
erated semantics should compactly represent all valid intgpretations
of the input sentence, in particular with respect to quanti er scope.
Third, the formalism should not, if possible, increase the &pressivity
of the TAG formalism.

We revive the proposal of using synchronous TAG (STAG) to si-
multaneously generate syntactic and semantic representadns for an
input sentence (Shieber and Schabes, 1990). Although STAG sets
the three requirements above, no serious attempt had previesly been
made to determine whether it can model the semantic construtions
that have proved di cult for other approaches. In this paper we begin
exploration of this question by proposing STAG analyses of mny of
the hard cases that have spurred the research in this area. Weeframe
the TAG semantics problem in the context of the STAG formalism and
in the process present a simple, intuitive base for further gploration
of TAG semantics.

After reviewing STAG in Section 1.2, we provide analyses in 8ctions
1.3.1 through 1.3.4 for sentences that exemplify several le cases for
TAG semantics that have been raised by Kallmeyer and othersn re-
cent papers: quanti er scope (as exempli ed by sentences (land (5),
presented below along with the desired semantic interpretéons), long-
distance WH-movement (2), interaction of raising verbs andadverbs,
attitude verbs and quanti ers (3,4,5), relative clauses (6), and quan-
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ti ers within prepositional phrases (7) (Kallmeyer and Rom ero, 2004,
Romero et al., 2004, Joshi et al., 2003, Kallmeyer, 2003, Kaheyer and
Joshi, 2003)?!

(1) Everyone likes someone.
every(x; person(x); some(z; person(z); like (x; z)))
some(z; person(z); every(x; person(x); like (x; z)))

(2) Who does Bill think Paul said John likes?
who(y; think (bill; say (paul; like (john;y))))

(3) Bill thinks John apparently likes Mary.
think (bill; apparently (like (john; mary )))

(4) John sometimes likes everyone.
every(x; person(x); sometimes(like (john; x)))
sometimes(every(x; person(x); like (john; x)))

(5) Bill thinks everyone likes someone.
think (bill; every(x; person(x); some(z; person(z); likes(x; z))))
think (bill; some(z; person(z); every(x; person(x); likes(x; z))))

(6) A problem whose solution is di cult stumped Bill.
a(x; and( problem(x);
the(y; and(solution (y); posgx;y));isDi icult (y)));
stumped(bill; x))

(7) Two politicians spy on someone from every city.
two(x; politician (x);
every(z; city(z);
some(y; person(y) ~ from (z;y);
spyOn(x; y))))
every(z; city(z);
some(y; person(y) ™ from (z;y);
two(x; politcian (x); spyOn(x;y))))
two(x; politician (x);
some(y; every(z;city(z); person(y) ” from (z;y))
spyOn(x;y)))
some(y; every(z;city (z); person(y) ~ from (z;y))
two(x; politician (x); spyon(x;y)))

1.2 Introduction to Synchronous TAG

A tree-adjoining grammar (TAG) consists of a set of elementay
tree structures and two operations, substitution and adjunction, used

1We notate curried two-place relations P (x)(y) as P (y; x) for readability.
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FIGURE 1 Example TAG substitution and adjuction operations.

to combine these structures. The elementary trees can be ofrbitrary
depth. Each internal node is labeled with a nonterminal symtol. Fron-
tier nodes may be labeled with either terminal symbols or noterminal
symbols and one of the diacritics# or . Use of the diacritic # on a
frontier node indicates that it is a substitution node The substitution
operation occurs when an elementary tree rooted in the nonteninal
symbol A is substituted for a substitution node labeled with the non-
terminal symbol A. Auxiliary trees are elementary trees in which the
root and a frontier node, called thefoot node and distinguished by the
diacritic , are labeled with the same nonterminal. Theadjunction op-
eration involves splicing an auxiliary tree with root and designated foot
node labeled with a nonterminal A at a node in an elementary tree also
labeled with nonterminal A. Examples of the substitution and adjunc-
tion operations on sample elementary trees are shown in Fige 1.

Synchronous TAG (STAG) extends TAG by taking the elementary
structures to be pairs of TAG trees with links between particular nodes
in those trees. An STAG is a set of triples,ht| ;tr;_ i wheret_ andtgr
are elementary TAG trees and__ is a linking relation between nodes in
t. and nodes intg (Shieber, 1994, Shieber and Schabes, 1990). Deriva-
tion proceeds as in TAG except that all operations must be paied.
That is, a tree can only be substituted or adjoined at a node ifits pair
is simultaneously substituted or adjoined at a linked node.We notate
the links by using boxed indicesp marking linked nodes.

Figure 2 contains a sample English syntax/semantics grammafrag-
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FIGURE 2 An English syntax/semantics STAG fragment (a), derived tre e
pair (b), and derivation tree (c) for the sentence \John appa rently likes
Mary."

ment that can be used to parse the sentence \John apparentlyikes
Mary". The node labels we use in the semantics correspond tohe se-
mantic types of the phrases they dominate? Variables such asx in the
semantic tree in Figure 3 are taken to be bound in the obvious ay, so
that in multiple uses of the tree they can be presumed to be reamed
apart.

Figure 2(c) shows the derivation tree for the sentence. Suligutions
are notated with a solid line and adjunctions are notated with a dashed
line. Note that each link in the derivation tree speci es a link number
in the elementary tree pair. The links provide the location of the oper-
ations in the syntax tree and in the semantics tree. These opmtions
must occur at linked nodes in the target elementary tree pair In this
case, the noun phrasedohn and Mary substitute into likes at links
and [z respectively. The word apparently adjoins at link z. The result-
ing semantic representation can be read o the derived tree ¥ treating
the leftmost child of a node as a functor and its siblings as i argu-
ments. Our sample sentence thus results in the semantic repsentation
apparently(likes(john; mary )).

2This representation is for the sake of readability. The labe Is could be replaced
using any well-chosen nite set of nonterminal symbols.
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FIGURE 3 The elementary tree pairs (a), derivation tree (b), and deri ved
syntactic and semantic trees (c) for the sentence \Everyone likes someone".
Note that the derivation tree is a scope neutral representat ion: depending
on whether every or some adjoins higher, di erent semantic derived trees
and scope orderings are obtained.

1.3 STAG Analyses of the Phenomena
1.3.1 Quanti er Scope and Wh-Words

For sentence (1), we would like to generate a scope-neutralesantic
representation that allows both the reading wheresome takes scope
over every and the reading whereevery takes scope oversome. We
propose a solution in which a derivation tree with multiple adjunction
nondeterministically determines multiple derived trees each manifesting
explicit scope (Schabes and Shieber, 1993); the derivatiotmee itself is
therefore the scope neutral representation.

The multi-component quanti er approach followed by Joshi et al.
(2003) suggests a natural implementation of quanti ers in STAG. 2 In
this approach the syntactic tree for quanti ers has two parts, one that

3The multi-component approach to quanti ers in STAG was rst suggested by
Shieber and Schabes (1990) under the rewriting de nition of  STAG derivation where
the order of rewriting produced the scope ambiguity. Willif  ord (1993) explored the
use of multiple adjunction to achieve scope ambiguity.
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FIGURE 4 Selection of elementary trees and full derivation tree for t he
sentence \Who does Bill think Paul said John likes?".

corresponds to the scope of the quanti er and attaches at thepoint
where the quanti er takes scope, and the other that containsthe quan-
ti er itself and its restriction and attaches where syntact ically expected
at a noun phrase. In their work, a single-node auxiliary treeis used for
the scope part of the syntax in order to get the desired relatbonship be-
tween the quanti er and the quanti ed expression in features threaded
through the derivation tree and hence in the semantics. Usig STAG,
we do not need the single-node auxiliary tree in the syntax beause we
can pair the usual syntactic representation for quanti ed NPs with a
multi-component semantic representation that expresseshe same idea
(Figure 3). In order to use these quanti ers, we change the Inks in the
elementary trees for verbs to allow a single link to indicatetwo positions
in the semantics where a tree pair can adjoin, as shown in Fige 34
Given this representation of quanti ers we get the derivation tree
shown in Figure 3 for sentence (1§ Note that the resulting derivation
tree necessarily incorporatesnultiple adjunction (Schabes and Shieber,
1993), that is, multiple auxiliary trees are adjoined at the same node

4We have chosen here to add the three-way links in addition to t he existing links
in the tree for unquanti ed noun phrases such as proper nouns (though we suppress
the two-way NP links in the gures for readability). Another possibility would be
to remove the two-way links. In this case, all noun phrases wo uld be \lifted"a la
Montague. That is, even unquanti ed noun phrases would have  a scope part, which
could be a single-node auxiliary tree.

5We notate multi-component insertions that involve both a su  bstitution and an
adjunction with a combination dashed and dotted line.
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FIGURE 5 Derivation trees for (a) \Bill thinks John apparently likes
Mary", (b) \John sometimes likes everyone”, and (c) \Bill th inks everyone
likes someone."

in an auxiliary tree. In particular, the scope parts of both every and
some attach at the root of the semantic tree of likes. Such cases of
multiple adjunction induce ambiguity; the derivation tree represents
multiple derived trees. In the case at hand, the derivation 8 ambiguous
as to which quanti er scopes higher than the other. This ambiguity
in the derivation tree thus models the set of valid scopings dr the
sentence. In essence, this method uses multiple adjunctioto model
scope-neutrality.

This same method can be used to obtain the correct scope relains
for sentences with long-distance WH-movement such as sentee (2)
using the multi-component elementary tree pair for who and the ele-
mentary tree pairs for thinks (the tree pair for saysis similar) and likes
in the WH context given in Figure 4. Kallmeyer and Romero (2004)
highlight this case as di cult because in the usual syntactic analysis
there is no link in the derivation tree between who and thinks or be-
tween thinks and likes, but in the desired semanticswho takes scope
over the thinks proposition and the likes proposition is an argument
to thinks .

In our analysis, by contrast, the semantics follows quite naurally
from the standard syntactic analysis of the structure of the likes ele-
mentary tree in the WH context and the elementary tree pair for thinks
given in Figure 4. The derivation of this sentence is also gign in Figure
4. Note that it is required by the structure of the trees that who take
scope overthinks .

1.3.2 The Interaction Between Attitude Verbs, Raising
Verbs, Adverbs and Quanti ers

The interaction between attitude verbs and raising verbs oradverbs as
in sentences (3), (4), and (5) has been problematic for TAG smantics
(Kallmeyer and Romero, 2004). A successful analysis must bexible
enough to produce the correct semantics for sentence (3) ewehough
there is no link betweenthinks and apparently in the derivation tree.
It must also be exible enough to allow all scope orderings b&veen
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FIGURE 6 Modied tree for likes that enforces a restriction on quanti ers
scoping outside of the nite clause.

VP modiers and quanti ers as in sentence (4). In fact, given the el-
ementary trees we have already presented and the ones for dtide
verbs demonstrated by Figure 4, our analysis already allowdor scope
interactions among all these elements. Indeed, because th&emantic
components of attitude verbs, VP modi ers, and quanti ers all adjoin
at the same node in the semantic tree of the verb, our analysiallows all
scope orderings among them. This is clearly too permissivédgecause it
allows quanti ers to scope out of the nite clause in which they appear
and would allow a reading of sentence (3) in whichapparently scopes
over thinks . To prevent quanti ers from scoping out of the nite clause
in which they appear, as in sentences (3) and (5), we can add aaddi-
tional adjunction site to the semantic trees for verbs abovethe current
root node. This is shown in Figure 6 in thelikes, tree pair. The link
con guration ensures that attitude verbs (adjoining at lin k @) will now
scope higher than all VP modi ers (adjoining at z;) and quanti ers (ad-
joining at links 1 and @). VP modi ers and quanti ers will still be able
to take all scope orderings relative to each other. Using themodi ed
verb trees, STAG produces the correct semantics for sentems (3), (4),
and (5) with the derivations given in Figure 5.

1.3.3 Relative Clauses

Relative clauses provide another putatively di cult case for TAG
semantics because both the main verb and the relative clausaeed
access to the variable introduced by the determiner as in sdance
(6) (Kallmeyer, 2003). We overcome this di culty and comput e the
desired semantics by introducing higher-order functions nto the se-
mantic trees using lambda-calculus notation. This modi cation al-
lows us to maintain tree-locality. The syntactic analysis we use is
similar to that of Kallmeyer (2003) in that it maintains the Con-
dition on Elementary Tree Minimality (Frank, 1992) and uses the
relative pronoun to introduce the relative clause. However it treats
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FIGURE 7 Key elementary trees and derivation for \A problem whose
solution is di cult stumped Bill."

the relative pronoun as a noun modier rather than a noun phrase
modi er. We also posit the existence of \lifted" versions of the ele-
mentary trees for verbs in which their argument positions hare been
abstracted over. We use a higher-order conjunctionand that relates
two properties: PQx:P (x) » Q(x), and a higher-order se function
that relates two properties and makes use of the higher-ordecon-
junction: P Qx:the (y;and(P; z:poss(X;z))(y); Q(y)). The elementary
tree pairs and resulting derivation tree for sentence (6) ae given
in Figure 7. The derived tree is given in Figure 8. When reducd,
the resulting semantics isa(z; x: (problem(x) ~ the(y;solution (y) »
posgx;y);isDi cult (y))); stumped(bill; z)).

1.3.4 Nested Quanti ers and Inverse Linking

Quanti ers in prepositional phrases such as in sentence (7pose another
challenge for TAG semantics (Joshi et al., 2003). Although anested
quanti er may take scope over the quanti er within which it i s nested
(so-called \inverse linking") not all permutations of scope orderings of
the quanti ers are available (Joshi et al., 2003). In particular, readings
in which a quanti er intervenes between a nesting quanti er and its
nested quanti er are not valid. In our example sentence (7),this pre-
dicts that the readings some > two > every and every > two > some

should not be valid. Joshi et al. (2003) introduce a special dvice al-
lowing nesting and nested quanti ers to form an indivisible quanti er
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FIGURE 8 Derived tree for \A problem whose solution is di cult stumpe d
Bill."

set during the derivation, which prevents other quanti ers from inter-
vening between them. In our solution, because the nested qud er
is introduced through the prepositional phrase, which in turn modi es
the noun phrase containing the nesting quanti er, the two quanti ers
already naturally form a set that operates as a unit with respect to the
rest of the derivation.® The elementary tree pairs and derivation trees
for our analysis of (7) are shown in Figure 9.

One notable feature of this analysis is that the four di erent scope
readings that result are not the product of a single derivation tree. The
alternate scope orderings for the nested and nesting quangr exist
because there are two available adjunction sites for the sg@ of quan-
ti ers in the prepositional phrase to attach. This results i n two distinct
derivation trees. The alternate scope orderings for this ganti er set
and the remaining quanti er are obtained by multiple adjunc tion at
the root of the verb tree. The set of valid derivation trees fa a sen-
tence thus constitutes the scope neutral representation. Tis set of trees
may be compactly represented, for instance as a shared forte$

6We make use of tree-set-local TAG in the semantics where the t ree set for
every adjoins into the tree set for from . Although tree-set-local TAG is more pow-
erful than TAG, this particular use is benign because it cann ot be iterated. More
concretely, we could conventionally make the grammar tree- local by including all
combinations of prepositions with quanti ers as elementar y trees in the grammar.

"This analysis, like that of Joshi et al. (2003), makes severa | predictions about
quanti er scope that might be disputed. First, some argue th at more than four
scope orderings should be available for sentences like sentence (7) (VanLehn, 1978,
Hobbs and Shieber, 1987). This analysis cannot generate add itional scope orderings
without breaking tree set locality. Second, the scope readi ngs in which the nesting
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FIGURE 9 Key elementary trees and derivations for \Two politicians s py on
someone from every city."

1.4 Comparison to the Kallmeyer and Romero
Approach

As mentioned above, research on TAG semantics has been led haura

Kallmeyer, Maribel Romero, and their collaborators through a series
of papers re ning a system of TAG semantics computation usirg fea-
ture uni cation and other formal devices (Kallmeyer and Romero, 2004,
Romero et al., 2004, Kallmeyer, 2003, Kallmeyer and Joshi, @3, Joshi
et al., 2003, Gardent and Kallmeyer, 2003). Although their gpproach
has evolved over time, the underlying principles of using tke relation-
ships expressed in the derivation tree as the basis for the agputation

and generating underspeci ed semantic representations ha been con-
stant. In its current formulation, they perform semantic co mputation

by attaching semantic feature structures directly to the nodes in the
derivation tree. When carefully chosen, these features ufy to produce
an underspeci ed representation of the semantics of a sentee that,

when further disambiguated, generates the set of valid intepretations.

In one or another of their recent papers they have provided sccessful
analyses of each of the hard cases that we have addressed hetmugh

some of their analyses might have to be restated to bring thenup to

date with the newest formulation of their method.

Our work owes much to theirs both for the clear formulation of the
problems and the progress in formulating analyses for somef the hard
cases. The primary advantage of our approach is its concepal simplic-
ity. The clear separation of syntax and semantics, the diretness of the
link interface, and the familiarity of the TAG operations us ed in our
approach make it very simple. The semantic-feature-uni caion-based
approach has become cleaner and easier to understand as Kabyer

quanti er takes scope over the nested quanti er resultinth e nested quanti er having

scope over the restriction of the nesting quanti er but not o  ver its scope. Donkey
sentence constructions such as \Every man with two books lov es them" call this
prediction into question.
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and others have re ned it over the years. Nonetheless, it is afe to say
that the amount of formal machinerylincluding proposition al labels,
separate individual and propositional variables, semantt representa-
tions consisting of a set of formulas and a set of scope consints,

features on the derived tree and the derivation tree, each seantic fea-
ture structure containing a nested feature structure for eaxh address in
the elementary syntax tree, each of these feature structurg containing
features to handle binding of propositional and individual variables,
feature uni cation, exible composition, and quanti er se ts|necessary

to solve the range of problems that we have addressed here, dualita-

tively more complex. In fact, we use no formal machinery thathad not
been introduced by 1994 in the TAG literature.

An additional advantage of our approach is that it does not increase
the expressivity of the TAG formalism. One might think that t he in-
clusion of multiple adjunction would lead to an increase in &pressivity
(Dras, 1999). However, because links can only be used oncean STAG
derivation, only a nite number of multiple adjunctions may occur at
a single adjunction site. This rules out problematic uses ofmultiple
adjunction. Kallmeyer and Romero maintain the semantic fedaures on
the derivation tree rather than in the feature structures already used in
the feature-based TAGs (FTAG) of their syntax in part because the set
of semantic feature structures is not nite, potentially in creasing the
expressivity of the FTAG formalism (Kallmeyer and Romero, 2004).
Although moving the features to the derivation tree avoids increasing
the expressivity of the formalism used for syntax when takeralone, the
additional expressivity in the features of the semantics cald be used
to block operations in the syntax thereby Itering the synta x to pro-
duce non-tree-adjoining languages. It remains to be seen velther this
additional expressivity will be required for TAG semantics.

Advantages and disadvantages of the di erent methods asidgin this
still nascent area of research it is desirable to have severquite di erent
approaches at our disposal as we explore the hard problems gsented
by generating natural language semantics in the TAG framewok. Our
approach revives an old idea with the aim of opening a new avare for
research into semantics in the TAG framework.

1.5 Conclusion

We have presented the synchronous TAG formalism as a methodof
computing semantics in the TAG framework, and have shown tha it

enables simple, natural analyses for all of the cases that va exercised
recent attempts at formulating formal semantics for TAG. It satis es
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each of the desiderata laid out at the beginning of this paperFirst, it

does not require any additional information other than that available in
the derivation tree to generate the semantics. Because theystax and
semantic representations are built up synchronously, the drivation tree
set is a complete speci cation of the relationship between hem. Noth-
ing other than the set of elementary tree pairs and the synchonous
TAG operations are required to generate a semantic represéation.

Second, the derivation tree set provides a compact represéation for

all valid semantic interpretations of the given sentence. $ing multiply-

adjoined quanti ers we take advantage of the ambiguity in the interpre-
tation of the derivation tree that is introduced by multiple adjunction.

We take each possible ordering of multiply-adjoined trees @ be valid.
We leave open the possibility of using an additional method o pre-
fer certain scope orders and disprefer or eliminate othersThird, the

STAG system, as used, does not increase the expressivity ofi¢ TAG

formalism (Shieber, 1994). Finally, our analysis is a straghtforward ex-
pression of a simple idea: we use TAG for both syntax and seméaics
and use the derivation tree and the links between trees in elaentary
tree pairs as the interface between them.
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