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THE WEAK INADEQUACY OF CONTEXT-FREE PHRASE STRUCTURE GRAMMARS

Riny Huybregts

1. Natural Languages
Ever since the beginning of generative grammar the question of what exactly
constitutes a natural language (NL) has been a vexed one. At present, there
is considerable controversy over (and misunderstanding of) the issue of what
constitutes the appropriate dimension along which to evaluate the class of
formal devices capable of generating all and only NL.l! Even restriction to
aspects of weak generative capacity has produced various contrary claims on
the nature of NL conceived of as string sets. Two of these are particularly
interesting: (i) the claim that so far NL have not been shown to exceed the
power of context—free grammar (cf-grammar), expounded by Pullum and Gazdar
(1982), and (ii) the claim due to Langendoen and Postal (1983) that NL are
infinitely beyond the capacity of unrestricted rewriting systems. These
mutually inconsistent claims have each been argued to have theoretical (the
non-necessity vs. non-suffiency of TGG) as well as philosophical (Perfor-
mancist vs. Platoniét approaches to language) implications for the study of
grammar. 2
The suffiency of the theory of context-free generalized phrase-structure
grammar (CF-GPS-Grammar) to adequately characterize both the string sets and
the structure sets of NL has been construed as an argument for the non-neccs-
sity of the more powerful theory of transformational generative grammar (TG-
Grammar). In general, TG-Grammar would suffer from excessive descriptive la-
titude. Even the context-free based locally filtering transformational lan-
guages of Peters and Ritchie (1973) include some’ non-recursive languages.
Since the theory of GPS—Grammar permits the genmeration of only cf-languages,
and since any cf-language has a low polynomial recognition time complexity,
GPS-grammars provide a first approximation to what seems to be an explana-
tion of how humans parse sentences. 3 Apparently, the theory of GPS-Grammar
is not only a highly restrictive theory of NI with well-studied mathematical
properties and notational devices capable of capturing significant syntactic
generalizations, but in addition has some relevance to the study of natural
language processing by virtue of its computational tractability as well as

to learnability theory by virtue of the restriction it imposes on the class
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of learnable languages."

The claim that NI are not even recursively enumerable points to a non-
constructive approach to NL.5 In general, NL would be too large to be spec-
ified by the constructive, derivational, approach of any generative grammar.
Instead, the nondenumerably infinite string sets of NL can only be'dealt
with in the nonconstructive, non-proof-theoretic, manner of nonfinitistic
systems. The nonconstructive grammar (NCG) approach has been linked , as a
matter of fact, to a Platonic conception of linguistics but must be so linked
as a matter of logic if NCG turns out not to be finitizable.

Both claims can be seriously questioned. NL badly need extra cf-power :
they provably incorpgrate infinite string sets with no upper bound on the
number of cross-serial dependencies. Efficient parsability can therefore not
be the privilege of cf-languages, a point that has been érgued independently
in a slightly different context by Berwick and Weinberg (1982). Also, NL need
not be nondenumerably infinite. In this article we will be concerned exclu-
sively with the putative non-necessity of TGG and the relevance of GPSG for
NL. In Huybregts (in preparation) we also take up the question of the putative
insufficiency of TGG for the proper characterization of NL. There we argue
that Langendoen and Postal's Closure Principle begs the question of transfinite
sentence length. As a result, there remains no reason to question the superi-
orify of the derivational conception of generative grammar as the the more re-
strictive, i.e. the more falsifiable and hence better, theory of language. At
the present state of our knowledge, there seems to be no ground for counter-
arguing the position that the issue of Platonic Realism vs. Cartesian Ratio-
nalism is independent of that of Comstructive vs. Nonconstructive Grammar.S
Still, in view of the possibly non-finite axiomatizability of NCG Chomsky's
linguistic conceptualism seems much harder to reconcile with Langendoen and
Postal's more "homogeneous” but less restrictive, hence worse, theory of NCG
than is Katz's linguistic Platonism. A result that hopefully turns out not to

be inconsequential for the empirical study of NL-grammars.

2. Hierarchies of languages
Let us take as a point of departure the Chomsky-hierarchy of formal languages.

(1) RE-lgs D CS-lgs D CF-lgs D R-lgs

According to this hierarchy the class of context-sensitive (es) languages pro-

perly includes the class of context-free languages and is properly contained
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in the class of recursively enumerable (re) languages. Any cs-language will be
recursive as may be some, but not all, recursively enumerable non-cs languages.
The regular (r) languages properly contain the class of finite languages (not
represented in (1)), and are a proper subset of the cf-languages themselves.
These proper inclusions can be represented graphically as a series of concen-
tric circles with the class of finite languages as the most interior circle
and the re-languages as the most inclusive one. NL are obviously nonfinite and
can therefore not be characterized by finite sets. If we adopt the Chomsky-
hierarchy as a possible hierarchy on which to locate the class of NL, it will
be evident that finite sets must be excluded from the succession of concentric
circles. ( Irrespective of the 'epiphenomenal' status of natural languages,
any generative grammar will specify a class of objects, called "language", and
we may legitimately investigate the properties of this 'derivative' notion.)”
As a result we derive the concentric doughnut-hierarchy with the class of
finite languages constituting the hole of the doughnut.®

The hole in the doughnut has not been explained so far. We offer the fol-
lowing explanation. Assume some version of the X-theory as a proper partial
characterization of the phrase system of NL. In particular, let us assume that
every maximal projection is the projection of a unique lexical head. Thus we

have (2) yielding (3) but not (4).

2 X —> ¢ X ¥
3 ...x...Y...
) *.. X ... Y...

If lexical heads take complements, these complements must themselves be maxi-
mal projections, since uniqueness of head will be contradicted otherwise. Now
recursion results if we make the further simplifying assumption that X-theory
is maximally weak, i.e. does not restrict the choice of complements with res-
pect to heads (this being a lexical rather than structural property). This
situation is represented in (5).

(5)@@) X -—— ... X ... 7

(b) Y ——— D D ¢

Apparently, the only stipulation we need to explain nonfiniteness of NL is the
simplifying assumption of an optimally impoverished X-theory.

We now have the following possibilities. The class of NI may be a concentric
doughnut properly containing the cf-languages and properly contained in the
cs-languages. Or the class of NL may cut across the doughnut-hierarchy as does

the class of languages generated by Peters and Ritchie's (1973) cf-based local-
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ly filtering transformational grammars. The latter class of languages is in-
comparable with any class of languages that is reconstructible as a concen-
tric circle in the doughnut-hierarchy since it includes some cs-languages (e.g.
L=1{dqd" | ns= 2m,m 2 0 }) as well as some nonrecursive languages but it also
excludes other cs-languages (e.g. L' = {_an | n=22" n 2 0 }). Likewise the
class of NL may turn out to cut across (or even intersect with) the classes
bf‘languages on the Chomsky-hierarchy.

NL are clearly not regular (see Chomsky, 1956) but can they be context-
free? Significantly, only a few arguments have been advanced in support of
the non-context-freeness of some NL. Equally significantly, Pullum and Gazdar
(1982), in a.general survey of these arguments, claim to have shown that all
of these attempts (particularly Postal (1964), Huybregts (1976), and Langen-
doen (1977)) to establish non-context-freeness of NI are formally or empiri-
cally invalid. Consequently, NI may be context-free after all and CF-PS-
Grammar or some limited generalization thereof, CF-GPS-Grammar, may still be
capable of weakly characterizing NI. ( In addition, Gazdar (1981) argues that
GPS-Grammar provides an adequate characterization of the structural properties
of NL and therefore NL are also strongly generable by CF-GPS-grammars. ) The
claim, represented in (6), that the thesis of the context-freeness of NL has

not been counterexemplified will be our main concern.

(6) ML can be cf-languages

This proposition is provably false. See the argument presented in section 3.
As a result CF-PS-Grammar is too restrictive in weak generative capacity and
a fortiori fails in strong generative capacity. No CF-PS-grammar can either
weakly or strongly characterize NL. ( A 'generalized' version of some ef-
language inducing theory of grammar must at least have the generative capaci-
ty of the class of Indexed Grammars that characterizes the class of indexed
languages properly containing the cf-languages and properly contained in the
es-languages. )9

There are also languages that fall outside the Chomsky-hierarchy; Any
language on this hierarchy, i.e. any generative language, is countable :
either finite or denumerably infinite. In the latter case the cardinality of
the language is of the same order of magnitude as the set of integers and its
sentences can therefore be effectively listed. However, there are also non-
denumerably infinite languages with a cardinality of the order of magnitude of
that of the set of reals or even more. These can not be effectively listed.

As ‘an immediate consequence of Godel's (1931) Incompleness Theorem, these
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non-recursively enumerable language systems can not be consistent without be-
ing Zncomplete.10 We will, therefore, call these languages "incomplete langu-
ages" (Zc-languages), since being nonrecursively enumerable they can only be
dealt with incompletely if at all. A strictly Zc-language is for example a
language that contains some subset of sentences of infinite length ( trans-
finite sentences). No doubt, infinite sentence length is not likely to em-
pirically manifest itself. It might plausibly be argued that transfinite ob-
jects are no part of the physical world.l! Therefore the claim that there is
no size law on the length of NL-sentences must be based on considerations of
theoretical simplicity, itself an empirical hypothesis. Chomsky (1956) reject-
ed any finite size restriction, arguing that any such size law would "pro-
hibitively" complicate the statement of the grammar.!2 Any rejection of re-
cursion will force an increase of the nonterminal vocabulary proportional to
the upper sentence length. Generative grammars thus characterize infinite
languages with sentences of only finite length. There is no upper bound on
sentence length, hence the class of generable sentences is countably infinite,
but each sentence is a finite formal object.

Langendoen and Postal (1983) argue, analogously, that any size law on sen-
tence length entails loss of generality. In fact, any argument against a spe-
cific finite size law ( like Chomsky, 1956) is equally an argument against any
size law at all, in particular against the transfinite size law imposed on
sentences specified by generative grammars. Once it is accepted that there is
no size law on NL-sentences, an analogue of Cantor's paradox may be developed
in the domain of sentence coordination on the assumption that NL are closed
under coordinate cbmpounding. Apparently none too innocuous an assumption. In
fact Langendoen and Postal (1983) argue on the basis of a Cantorian analogyb
that NL have at least the magnitude of the class of reals and consequently NI
are not countable. What is even more, NI have no determinable magnitude. The:
claim, due to Langendoen and Postal, that NL have an indeterminable magnitude

is embodied in (7).13
(7) ML are megacollections

In Huybregts (in preparation) we argue that this proposition is provably
arbitrary. Consequently, the concept of generative grammar can be maintained,
and the spectre of infinitistic systems that deal with nonrecursively enumer-
ably collections in an incomplete manner can be aborted. Proof-theoretic sys-
tems such as generative grammars suffice to specify adequately the class of ML

in a constructive, complete and consistent way.
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In the next section we will question the content of the claim embodied in
(6). We will argue that NL are too rich to be even weakly generable by any
cf-grammar. In contrast cross-serial dependencies pose no serious problems to

the theory of TGG.

3. The non-sufficiency of cf-grammars
In Huybregts (1976) it was argued on the basis of verb-raising constructions
in Dutch like (8) that NL must be at least context-sensitive.

(8) ... dat we jou de gevangenen zagen helpen ontkomen
that we you the prisoners saw help escape

We argued that there could be no upper bound on the number of overlapping de-
pendencies an arbitrary sentence can take. Dutch, then, contains an infinite
subset of grammatical sentences with unbounded cross-serial dependencies. We
next presented a formal proof that Dutch is non-context-free by a provably non-
context-free intersection with a regular set. In stating the formal argument
we made use of Bar-Hillel et al's (1961) pumping lemma on the string sets of
cf-languages (9) as well as of some well-known closure properties of the class
of cf-languages (10) and (11). 1%
(9) Characterization Theorem of CF—Languages
Let L be any cf-language. Then there exist constants p and q depend-
ing on L only, such that if z ¢ [ and |z| > p, then z may be written

as z = uwwry, where |vwz| < q and vx ¥ e, and for all © > 0, w'wz'y
is in L.

(10) Closure under Intersection
The class of cf-languages is closed under intersection with a
regular set.

(11) Closure under Homomorphism
The classes of r-languages and cf-languages are closed under finite
substitution and homomorphism.

Intersection of an appropriately chosen infinite regular set Dr with the
full Dutch language D will yield some infinite set Dcs of sentences with in-
finitely many cross-serial dependencies, i.e. Drf\ D = Dcs' This set Dcs can
be mapped under homomorphism into the language 2 = { ww | w € { a,b }*}, i.e.
h(Dcs) = Q. Since properties of cf-languages are preserved under homomorphisms
if @ can not be context-free, then neither can Dcs (theorem 11). But Q is
provably non-context-free: intersecting Q with the r-language Lr = { anbmapbql

n,m,p,q > 0 )} gives the language L, = { dPd"| nym > 0}, i.e.
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Lr Nn = Lcs' But Lcs is provably non-context-free.l5 An immediate consequence
of applying theorem (9) to Les' But if Lcs is not context-free, then neither is
2 ((theorem 10). Therefore we derive the result that that Dcs can not be context-
free since Q can not be context-free (theorem 11). But if Dcs is not context-
free, then application of theorem (10) to the intersection of Dr with D yields
the result that D can not be context-free since neither can Dcs' Hence Dutch
is provably non-context-free. A

However, Pullum and Gazdar (1982) argue that "no argument of the sort Huy-
bregts advances can in fact succeed." They base their claim on the observation
that the putative crossing dependencies were not formally encoded in the string
set as observed incidentally in Huybregts (1976, fn. 37). For some appropriate-
ly selected set Dcs’ apparently, grammaticality is sufficiently guaranteed by
any sequence of NPs followed by a matching number of Vs. Clearly, any suchstring
set can be weakly generated by some cf-grammar as noted in Huybregts (1976). The
argument presented there can be interpreted as establishing that cross-serial
dependencies in Dutch are properties not of the string set but, instead, of the
structure set of Dutch. Consequently, even though Dutch is a cf-language, the
structure set of Dutch poses only obvious problems for a context-free compositi-
onal semantics as noted in Pullum and Gazdar. In fact it remains a widely open
question whether some cf-language inducing theory of grammar can in principle
be capable of yielding an adequate grammar of Dutch. E.g. Bresnan et al (1982),
while conceding that Dutch may be context-free stringwise, argue that Dutch can
be strongly characterized by no cf-grammar. To derive this result, they first
apply Thatcher's (1967,1973) pumping lemma on the structure sets of cf-languages
to Dutch.

(12) Characterization Theorem of CF-Languages

For any cf-grammar G, the derivation trees T(G) are recognizable
by some frontier-to-root finite state tree automaton.

F

Application of Thatcher' s characterization theorem to the set of Dutch verb-
raising (VR) constructions show these unrecogtuzable.16 Next, these VR-construc-
tions are shown to be adequately characterizable by Bresnan's theory of Lexical-
Functional Phrase-Structure Grammar (LF-PS-Grammar). We will not take issue with
the conclusion arrived at in Bresnan et gl (although their argument is serious-
ly invalidated) to the effect that Dutch can not be strongly context-free.
Instead we will argue that Dutch can not even be weakly context-free. 4
fortiori Dutch can not be strongly context-free. Hence we derive Bresnan et al's
result as a corollary of a stronger theorem. By virtue of this theorem, which
will be completed below, we must accept their conclusion just as we must accept
the conclusion of Huybregts (1976) without having to accept, however, their ar-

gument, 17
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The argument from the existence of infinitely many overlapping dependencies
to the non-context-freeness of Dutch depended, as noted, on the explicitly
stated assumption that selectional restrictions were syntactic in nature. How-
ever, since Pullum and Gazdar authoritatively state that selectional restrict-
ions are "uncontroversially" non-syntactic, we propose to simply skip the dis-
cussion about the true status of these restrictions.l8 Instead we ask if these
restrictions, whatever their nature, can be 'morphologized'. Do they possess the
property of being overtly representable in the string set of Dutch? If this
question can be answered in the positive, we have a decisive argument against
Pullum and Gazdar as well as Bresnan et al.

To start, let us consider the VR-triggers zien ('see'), helpen ('help')
and laten ('let') as well as the intransitive verb drijven (‘float'). Zien
takes animate subjects, helpen selects both animate and inanimate subjects
just as laten en drijven, but helpen selects animate objects only. What is of
special interest is that there is a class of pronominals that is differently
morphologized on the animate-inanimate dimension. The pronominals of (13a) are
inanimate and their gender is neuter (e.g. dat alles ('that all'), het niets
('the nothing'), Zets dat ('something which')). In contrast, the pronominals
of (13b) are all animate and have nonneuter gender (e.g. die Zemand ('that
someone'), de velen ('the many'), niemand die ('nobody who')).

(13) (a) <ets, niets, alles, veel, weinig
something, nothing, everything, much, little
(b) <emand, niemand, allen, velen, weinigen

someone, no-one, everyone, many, few

Clearly it makes no sense to say that (14) is just perfect under the as-—
sumption that there happen to be a lot of people, velen, called 'veel', the
same way Pullum and Gazdar explain the grammaticality of (15) on the assumpt-
ion that there are a language and a person called 'Pieter' and 'Arabisch' res-
pectively.

(14)  * Jan hielp veel nauwelijks

Jan helped much hardly
('Jan hardly helped much')

(15) «..dat Jan Marie Arabisch Pieter wil laten zien sehrijven
...that Jan marie Arabic Pieter will let see write )
('..that Jan will let Marie see Arabic write Pieter')
Substitution of velen ('many') for veel in (14) yields a perfect sentence Jan
hielp velen nawwelijks.

Let us now develop the argument. VR is obviously a recursive process in
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the language as shown by (16). These sentences can be analyzed to offer a
classic A-B-A proof of the cyclic character of VR.19
(16)(a) ...dat we jou de gevangenen helpen laten ontsnappen

...that we you the prisoners help let escape
('that we help you let the prisoners escape')

(b) ...dat we jou de gevangenen laten helpen ontsnappen
...that we you the prisoners let help escape
('that we let you help the prisoners escape')
Given unbounded VR, the existence of selectional properties that are morpho~
logically representable in the string set of VR-sentences entails that Dutch
can not even be weakly context-free. Consider (17).
(17) «-.dat velen iets temand alles zagen helpen laten ontploffen

.+.that many something someone everything saw help let explode
P P
("that many saw something help someone let everything explode')

(Cf. ...dat vele mensen verscheidene ouders Fun kinderen oude
vrowwtjes hebben zien helpen laten oversteken
... that many people have seen several parents help their
children let little old women cross ( the street ) )
While hardly felicitous, sentences like (17) must count grammatical. However,
any pairwise permutation of the animate and inanimate pronominals of (17) pro-
duces an ungrammatical outcome. If accepted, the argument suffices to establish
the conclusion that Dutch is beyond the weak generative capacity of context-
free grammars. )
Still one might feel some reservations although we feel there is no ratio-
nal basis for them. Therefore it would be intrinsically interesting e.g. if
we were to find other instantiations of the morphological expression of cross-
serial dependencies like the availability of overt morphological case. Unfor-
tunately, Modern Dutch only has a nominative vs. non-nominative case marking.
Interestingly, Middle Dutch still had a productive dative vs. accusative dis-
tinction. It also had VR. Since VR-trigger doen ('make') assigns accusative
case to the subject NP of its complement clause under conditions of case-
government, and VR-trigger helpen ('help') assigns dative case to its object,
we have the beginnings of a new argument.20 We will not flesh out this argu-
ment here. Instead we will look for a modern language with the arbitrarily
deep cross-serial dependencies of Modern Dutch VR-constructions but with the
morphological case properties of Middle Dutch. Does any such language actual-
ly exist? It most certainly does. Swiss German is precisely such a language.
First Swiss German or Ziiritiiitsch (2T) will be shown to possess the re-
levant case properties. Next we will dicuss the very interesting VR-phenome-

na in the sentential complement system of Swiss German.2! Consider then the
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following sentences of Ziritiiitsch with their Standard German counterparts.

(18)(a) (i) De Joggel hit em vatter (em chind) ghulffen
Jockel has the father (the child) helped
('Jockel has helped the father (the child)")

(ii) De Joggel hidt de vatter (s chind) gsee
Jockel has the father (the child) seen
('Jockel has seen the father (the child) ")

) (i) Jockel hat dem Vater (dem Kind) geholfen
(ii) Jockel hat den Vater (das Kind) gesehen
These sentences unequivocally show case-assignment to nouns whose grammatical
gender is masculine (vatter,Vater) and neuter (chind, Kind) : hdlffe (helfen)
assigns dative case and gsee (sehen) assigns accusative case which is iso-
morphic with nominative case in the examples above.
Zilritiitsch also exhibits the second relevant property of VR. This is
clear from (19). As before the German equivalents are given for comparison.
(19)(a) (i) ...wil de Fritz em vatter s bschteck hilft abtrdchne

...because Fritz the father the forks and spoons helps dry
("because Fritz helps father dry the forks and spoons')

(ii) ...wil de vatter syni chind medizyn hdt wele laa studiere
because the father his kids medicine has wanted let study
("because the father wanted to let his kids read medicine')

®)({i) ...wveil Fritz dem Vater das Besteck abtrocknen hilft
(ii) ...wetl der Vater seine Kinder Medizin studieren lassen wollte

Observe the asymmetry in the operation of VR in ZUrittiiitsch and German: the
order of verbs in the Verbalfeld of Standard German is the inverse of that of
Swiss German, which is identical to the Dutch order of verbs.22 We conclude
then that Zilritiilitsch has all relevant properties to develop the argument to
the non-context-freeness of NL.

Now compare (20a) with the German equivalent (20b).

(20)(a) (i) ...wil mer de maa l¥nd schwilme

because we the man let swim -
("because we let the man swim')

(ii) ...wil mer em chind hdlfed schwiime
...because we the child help swim
("because we help the child swim')

®)(E)  ...weil wir den Mann schwimmen lassen
(ii) ...wetl wir dem Kind schwimmen helfen
These sentences clearly illustrate case dependencies formally encoded in the
string set of Zilritiliitsch: laa (lassen) is an accusative case assigning verb,
while hilffe (helfen) assigns dative case. Since VR is a cyclic process, we

obtain increasingly complex sentences with crossing dependencies, viz. case

RV S
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dependencies, formally encoded in the surface strings. See (21).

(21)(a) (i) ...wil mer de maa em chind lénd hdlffe schwiime

because we the man the child let help swim

('because we let the man help the child swim')

(ii) ...wil mer em maa s chind hilfed laa schwiime
because we the man the child help let swim

('because we help the man let the child swim')
M) () ...weil wir den Mann dem Kind schwimmen helfen lassen
(ii) ...weil wir dem Mann das Kind schwimmen lassen helfen

Here the crossing lines stand for case dependencies rather than the grammati-
cal relations involved in the selectionail dependencies of Dutch. As in Dutch
we obtain infinitely many cross-serial dependencies by virtue of the recur-
sive properties of VR. This will be clear from (21), where (i) differs from
(ii) only in the ordering of VR-triggers, which means that VR must by all
means be cyclic. Swiss German differs from Dutch in that not only the verb,
but also some or all of its complement structure can be raised into the next
higher clause, a property it shares with Flemish Dutch. Apparently VR must be
parametrized with respect to the constituent size of the affected terms:
V only in German and increasingly large "small clauses" in Dutch Particle-
V) and Flemish Dutch and Ziuritiiiitsch (VP or parts thereof).23 Consequently,
(19a) and (21a) have alternative realizations in Zﬂritﬂiitéch. These are given
in (22) through (25) where the "Dutch only" variants of (19) and (21)are re-
peated.

(22)(a) wil de Fritz em vatter s bschteck hilft abtrdchne

(b) mEZ de Fritz em vatter hilft s bschteck abtrdchne
(¢) *wil de Fritz hilft em vatter s bschteck abtrichne .

(23)(a) wil de vatter syni chind medizyn hdt wele laa studiere
(b) wil de vatter syni chind hidt medizyn wele laa studiere
(¢) wil de vatter syni chind hdt wele medizyn laa studiere
(d) wil de vatter syni chind hit wele laa medizyn studiere
(e) wil de vatter hét syni chind medizyn wele laa studiere
(f) wil de vatter hidt syni chind wele medizyn laa studiere
(g) wil de vatter hit syni chind wele laa medizyn studiere
(h) wil de vatter hit wele syni ehind medizyn laa studiere
(i) wil de vatter hit wele syni chind laa medizyn studiere
(3) *wil de vatter hit wele laa syni chind medizyn studiere

The ungrammaticality of (22c) and (23j) is due to the illicit raising of the

whole sentential complement..Recall that only VPs or '"small VPs" can be legi-
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timately raised under VR. i

(24) (a) wil mer de maa em chind lénd hidlffe schuwilme
(b) wil mer de maa ldnd em chind hilffe schuiime
(c) *wil mer de maa lond hdlffe em chind schwiime
(d) *wil mer 1¥nd de maa em chind hidlffe schwiime
(e) *wil mer 1¥nd de maa hdlffe em chind schwime
(£) *wil mer l¥nd hilffe de maa em chind schwiime

(25)(a) wil mer em maa s chind hdlfed laa schwiime
(b) wil mer em maa hilfed s chind laa schwiime
(¢) *wil mer em maa hdlfed laa s chind schutime
(d) *wil mer hdlfed em maa s chind laa schuilme
(e) *wil mer hdlfed em maa laa s chind schuiime
(f) *wil mer hidlfed laa em maa s chind schwiime

Again the ungrammaticality of (24c-f) and (25c-f) can be explained as the re- i
sult of illicit raising of S, and ultimately as a violation of Case Theory. 24 :
For a detailed discussion of VR in Germanic languages and its non-trivial im-
plications we refer the reader to Huybregts (forthicoming).

Although the variable realizations of VR-processes neutralize an (infi-
nite) number of cross-serial dependencies, this in no way affects our conclu-
sion that Ziritiiitsch can not be a cf-language.

Let us finally state the formal proof. We first define the regular langu-
age ZTr on some restricted subalphabets of Zilritiliitsch. Let ZTr specifically

be the set product of two regular sets, ZTr¢ . ZTrw’ defined in (26).
(26) 27, = { ¢"¥ | ¢ ¢ Ty & Ve 2Ty 1,

where ZTr¢ = { Zch, de/em maa, s/em chind }*

2T v " { ha, laa, hdlffe, schuiime }*

Since regular sets form a Boolean algebra, closed under product, ZTr as the

concatenation of the regular sets ZTr¢ and ZTrw must itself be regular. ZTr

thus defines a set of strings each of which consists of a sequence of (pro)-
nominals followed by a sequence of verbs. Intersecting ZTr with the complete i
Swiss German language ZT yields an infinite set of strings with no upper

bound on the number of cross-serial morphological case dependencies. Note

that by appropriate selection of ZTr we bypass the difficulty noted with res-

pect to (22) through (25). Specifically, the intersection language Z.’I'cs of

(27) contains nothing but strings with crossing dependencies.
(2n o, = { awbw'e| w € { de/em maa, s/em chind }* &

w'e { laa,hdlffe }* & a = ich &
b=ha & c = schwime }
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Since ZTcs can be mapped under homomorphism h(ZTcs) into the provably non-
context-free language 2= { ww| w ¢ { @,b }*}, it can not be context-free,25

. .th .
Note that in ZTas every 1 term is case-dependent on the (n+'L')th term, where
m = 2n+1 and |awbw'e| = m.

(28) h(ZTas) = Q, where

h(ich) = e , h(de maa) = a ,
h(ha) = e , h(s chind) = a ,
h(schwiime) = e , h(em maa) = b ,

Z?;Z?;?;)a:,b ) h(em chind) = b .

Recall that the closure properties of cf-languages are preserved under the
operation of homomorphism (theorem 11). Applying this theorem to the value of
the homomorphism that takes ZTEs into 2 gives the result that since Q is
not context-free, neither can ZTés be context-free. Finally, by applying the-
orem (10) to the intersection of ZTr with ZT we derive the result that 2T is
context-free only if its intersection with ZTr is context-free. But ZT is
not context-free. Therefore ZT is not context-free. A *

Note that the logic of the argument to the non-context-freeness of the
Zirittfitsch language is identical to that we gave earlier for Dutch. We only
have to substitute ZT for D in argument following (9)-(11). Since 2T is just
an arbitrary NL, we can generalize this result to a stronger theorem.

(29) Theorem of Non-Context-Freeness of NL
NL can not be context-free

Now since the class of ef-grammars is provably too weak to even generate the

string set of ZT, hence the string sets of NL in general, it immediately fol-
lows that cf-grammars fail to strongly characterize NL. In othér words we
trivially derive Bresnan et ql's result as a corollary of the stronger the-

orem (29).

4. Conclusion
In the present article two propositions have been offered:

i) NL must be beyond the weak hence stzong) generative capacity of

(ii) NL need not be beyond the capacity of generative grammar.

We presented a demonstrable proof that NL can not be context-free as a rule
Proposition (i) therefore has the status of a theorem and assuming infinite-
cardinality for N[, it is an impregnable mathematical truth about NL. Context-

freeness is thus a valid lower bound on the Chomsky-hierarchy for the class of
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NL. Consequently, the theory of CF-PS-Grammar can not be a sufficient system

for deal1ng with N[ since 1t must fail to even zecurSJ.vely enumerate the SCIII‘g

sets of NL. Its failure in stromg generative capacity immediately follows as a

terize
corollary of the stronger theorem (29): no ¢f-grammar can strongly charac

Vv cture sets o W d that in contrast TGG can deal
r

the relevant stru s of NL. e suggeste

effectlvely with VR-effects 1in a llngulstlcally ngn:Lflcant manner.

Although CF-PS-Grammar is provably inadequate as a theory of NL (unless

i i i GPS-Grammar is a mis-—
"generalized" beyond cf-capacity, 1in which case the term -

} i text—

lities of some hyperclass of cf-grammars that no longer induces only con
ing the

free languages), there do not seem to be necessary grounds for extending

theory of grammar beyond generative,
i sary.
of non-constructive, incomplete, systems is mot provably necessary

constructive, systems. The availability

itisti i ches to
We did not discuss these nonfinitistic, non—comstructive, approa

tal's
NL (now viewed as megacollections), but suggested that Langendoen and Pos

i i is onl
closure principle for coordinate compounding of sentential structures y

one of seve al ways of dealing w th coordination and not necessarl the most
f r 1 g W1 d s 1}'

. Y s ‘stic the-
highly valued one by standards of empirical significance for linguistic

0!1&5-2: ince there is no o he vidence o al nite sentence length
S ther "evidenc for transfi -] 4

i ici ¢ ich so far
other than general considerations of simplicity (Ockham's razor) whic

e e e s s s as an em-
as I see do not bear on questions of linguistic simplicity construed

i ot necessa-
pirical hypothesis, we propose that non-constructive grammars are n

ry systems for dealing with NL.

i i i i ~Grammar if
One conclusion to draw from the previous discussion is that PS-Gr

tended
it is to survive as a descriptively adequate system for NL must be ex _

i . However
beyond context-free capacity. Precisely to what extent I do not know ,
we know that languages such as : : -
i termin
theoretic derivation of theorem (29) are recognizable by one way nonde
(1NSA).28 Since the nondeterministic one way stack auto
juded in the class of Indexed Grammars there must be in-

enerate these languages.29 Consequently, there remains

{wcw} and {ww}, which figured in the proof-

istic stack automata
mata are properly inc

dexed grammars that g

ifi tive
the possibility that NL can be - weakly specified by systems whose genera

i i that of
capacity is that of indexed grammars (or maybe intermediate between

i i of
indexed and context-free grammars) with no need to invoke the full power
which are too rich for dealing with NL. Neverthe-

- itive grammars,
e v ; " of the class of CF-

less it would be surprising if any such "generalization : '
PS-Grammars to that of indexed grammars turned out to be linguistically sig-

ici racter-
nificant. Indexed grammars while demonstrably sufficient to weakly cha

e S
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ize Dutch and Swiss German are likely to be too powerful to capture the struc-
tural subtleties of these language systems in a linguistically significant way.
This suspicion is based on the fact that indexed grammars not only handle the
"reasonable" context-sensitive Languages I = {ww} or L' = {a"e"™} but are
rich enough to generate "unreasonable" context-sensitive languages such as
L=aorL'= an2 » which possess arithmetical properties of a polynomial or
exponential kind that are absent from NI languages. There are at present no
intuitive or formal grounds for accepting the view that phrase structure sys—
tems ("generalized" or not) will be successful in strongly characterizing

cross-serial dependencies of the type discussed here.

Notes

* I am grateful to Steven Krauwer and Jan 0dijk for helpful discussion. To

Henk van Riemsdijk I am especially indebted for sharing generously with me

his vast knowledge of ZUritifitsch as well as numerous other objects abstract
and otherwise.

1. For discussion of controversial issues see Langendoen (1977), Postal
(1964), Huybregts (1976) and especially Pullum and Gazdar (1982). For dis-
cussion of the sometimes confused issue of linguistic simplicity and learn-
ability see Chomsky (1965, chapter 1, esp. pp.61,62), (1977, note 61), and
particularly (1980). For different and opposing views see Gazdar (1981, 1983)
and Langendoen and Postal (1983). .

2. As to the non-necessity of TGG see Gazdar (1981,1982,1983) and Gazdar
and Pullum (1982). As to the non-sufficiency of TGG see Langendoen and
Postal (1983). For discussion of philosophical issues and matters relating
to real-time processing of language, see Katz (1981) and Gazdar (1983),
Pullum (1983).

3. In the worst possible case context-free grammars parse in time proporti-
onal to the cube of the length of the sentence. See Gazdar (1981), Berwick
and Weinberg (1982) and Pullum (1983).

4., See Gazdar (1981,1983) .and Pullum (1983).

5. Langendoen and Postal (1983) give a summary of existing theories of
grammar. It appears that all theories except the Arc-Pair Model are of the

_constructive type.

6. For an interesting in-depth discussion of Platonic Realism and relating
matters see especially the work of Katz (1981), wheré a version of a Platonic
linguistic theory is defended.

7. Suppose someone were to argue that since languages are derivative and the
notion NL is obscure, the concept of a CF-PS-Grammar must be on the wrong track.
For a suggestion to that effect see Koster (1983). Note, however, that this
reasoning is false. One could accept the view that grammar is the more primi-
tive notion and still claim that CF-Grammar is a fully explanatory theory of
language. This is exactly what the controversy between Williams (1978) and
Gazdar (1981) is about. Koster's metaphysical argument is quite independent
of the issue of what is the best theory of language, CF-Grammar or TG-Grammar.

8. The term 'doughnut-hierarchy' is due to an unpublished paper by Lasnik,
"Learnability, restrictiveness and the evaluation metric." The Chomsky-Hier-
archy is developed in Chomsky (1959). See also Chomsky (1963).
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9. Clearly, any such "generalization" is no longer CFL-inducing, resulting
mhinmmﬂwuemmhd%yNmemuaw"ymmuuﬁm"u"ummmﬂ
‘of categorial and context-free grammar as suggested e.g. in Ades and Steedman
(1982), Culy (1983), and Thompson (1983) to 'handle' cross-seriality can not
deal with the Dutch and Swiss German cases unless these systems are '"general-
ized" beyond CFL-inducing systems like indexed grammars. For a discussion of
indexed grammars see Hopcroft and Ullmann (1979) and Aho and Ullmann (1972). It
appears that the 'copying languages' in the main text are indexed languages.
See note 29. .

10. See Davis (1958) for an intelligible discussion of Godel (1931).

11. See Godel's discussion cited in Katz (1981, p. 200). Interestingly, in
this paper ("What is Cantor's Continuum Problem") Godel defends a Platonist
view of the foundations of mathematics. It should not surprise us, then, that
the Platonist view of language adopted by Langendoen and Postal (1983) coincides
with their acceptance of number-theoretic aspects of NL, viz. transfiniteness
of NL-sentences and nondenumerability of NL-collections.

12. See Chomsky (1956,1963).

13. Megacollections or 'proper classes' are collections with the size of the
collection of all sets. Megacollections are therefore no sets. According to
Langendoen and Postal, NL are megacollections to be jdentified with no fixed
set of sentences "no matter how great its cardinality". Note that if NL can mnot
be finitely specified humans can not have complete knowledge of NL, a position
that is perfectly comsistent with Platonism but hardly if at all with Competen-
cism. See Langendoen and Postal's discussion of these matters. For-an early ar-
gument that 'internalized' grammars need not be generative see Postal (1972).

14. For proofs of these theorems see Bar-Hillel (1961), Hopcroft and Ullmann
(1979), and Aho and Ullmann (1972).

15. This proof is stated in Huybregts é1%76, pp. 36-38). There we applied
theorem (9) to the strings of L__ = ("™} . Informally,by theorem (9) there
are two constants p and g such $fat every string z. in L with length greater
than p has a fagtorization 2z, = wv'wx Y (nwéx not “both £8 null, and the length
of vwr less than or equal to ). Suppose we take q to be smaller than n#m, and
p to be the length of the longest terminal string of all S-rooted trees gene-
rated by grammar G(L_ ) all of whose paths are of length n at most, where n is
theMCﬁr%inal number S the nontermin%l vocabulary of G(Lcs)' Then for all
aP"d"P"  to be represented as W wWx'y , V and x must consist entirely of as or
bs. Moreover, since q is less than n#m, if v is in the first run of as,
then x can not be in the second rum of as. Similarly if v and x both consist
entirely of bs. Consequently, in every factorization consistent with theorem
(9), recursion of v and x will produce strings in which the number of as or bs
or both in the first run is not matched by the respective number of as or bs
or both in the second run. The dssumption of context-freeness of L _ therefore
leads to contradictions only, proving the falseness of the underlying assumpt-
jon. Hence L __ can not be context-free.

16. Thatchéi's theorem is linguistically interesting in that it applies
finite automata theory to prove theoremsabout sets of derivation trees, giving
a characterization of strong generative capacity of context-free grammars.
Looking again at theorem (9) and letting ££(cf)- uSy, ££(t )= vSxz, and ££(t3)-
w (where fr stands for 'frontier' of trees as well as 5), %hen if some automa-
ton %ccepts the derivation trees T(G) of some context-free grammar G,
tl(tz(t )) is in T(G) for all n (where ti(t.)) is the zesglt of substituting
t. for éhe occurence of S in t,). Hence, for all i, uwwwxy is in L(G).

17. Their claim that the relévant trees "contain two right-branching subtrees
of matching heights", crucial to derive strong non-context-freeness is invali-
dated by perfectly natural sentences of Dutch like (i) with instances of illi-
cit (in their terms) coordination . Note that in (i) neither <k heb nor een
hond onder deze mor oude stoel zien liggen is a constituent. Therefore, their

1
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argument is nullified.
(i) 7k heb een hond onder d 3
eze - e j A
ooty n (hij heeft) een kat onder die - oude
(I have a dog under this

3 - ‘and

A chair see lie) nd (he has)
1lso note that their "ex ion" i]

h thei planation" entails that in Dutch i j i
arTBth;hprojictlons of-no yead rendering X-bar theory zomsizzzii EzzieCtIOBS
cactic c:nz: iva2t notlon.ln the cross—serial dependences in Dutch iso:ﬁé
tac theta-PgSizn G;a:eari;g a ;heta—role in the sense of Chomsky (1981 1935?_

iz. t . urally, theta-positions a b j jonal ’
ditions impoeed by their . re subject to selectional con-
predicates - "
19 See poos (loses » heads of X-bar theory.
20. For some recent discussion
. C see van den Berg (1971
i 5 s g ). Apparentl
s?n zzsn also assign datlvg instead of accusative to their Egm 1:mey; lat?n
Z?e soenLgsslﬁns accusative only we still have an argument ’ ne subjects.
. See Lotscher (1978) for a discussion of th i -

! E: e Swiss Germ in-
d?bted to Henk van Riemsdijk for checking the Swiss Germ dan fgcts-WG foouss
o thet Peilovan an data in the discus-

22, See Bech (1955) for a di i ‘

‘ scussion of the German data. F i
ac;gun;ogf VR—p?enomena see especially the work of Evers (19;;)a classic T6-
Best;n andaEgizngzoﬁe?T;;})ta:;nomy of VReffects in Germanic languages see den

_ . so see Vanacker (1970) for Flemish Du
:fzzzﬁiazgzrd agproach t? th?se ?atters see Huybregts (forthcoming) :ﬁ:Qnga-
Sffects are analyzed as }mpllcatlng a totally different conception of the f
Bruszzls co;f:epresentaglon (a preliminary view was presented on the UFSAL o
rence on Sentential Complementati i
heussels confere S p ntation, June 1983, in a talk
pendencies and the form i
24, Cf. Chomsky (1981,1982). of syntactic structure™d.
25. See note 15.

26. i .
somg ng:zr?:{:;egzis(forthcom;ng) for an explanation of VR-effects that has
equences for .the nature of s i i
ol 1 e e € X yntactic representat .
ot zo;iggzzziidfg;:zgzifon og t21s claim see Huybregts (En prepar:zgon)
. ion of the relevant closure properti .
. . 3 . le
§Egrd1nate compounding is given, which does not necessgtaze thes oi NL.under
zgragmars to non-proof-theoretic systems. extension of
erasingesazgz:;:ft ;nd Ullmann (1979). In fact, even the more restricted non-
e g e s of one-way stack automata are rich enough to recognize these
ioguages de :::x:iztlcilly (Tc:) or nondeterministically (ww). The determinis
t perly included in the - inisti ri j s
th;gcage Vith push-down storage sutomate. non-deterministic variants Just as 1s
. Consider the following indexed
; grammar. Let G = )
P>q},P,S), where P consists of the following productioi{iafggtR}J{a,b)J{L,JJ

a cat under that - old

3

g.—-é C? / Cq, Lt == al, R —> aR
c— ci/ ¢, Lj --» bL, Rj --> DR,
-— LR, Lp —» aq, Rp == a ’
Lq —» b, Lq —» b,

A sample derivation for baabaa would b

A sample d : : vould be S=3 (p=> Cip=> Cjip=> LyipRyip=
Sf ;gggtgkzz}?ﬁ%%zpzzhzzﬂi?—? b.c}z‘c:bl?ip=> baabaRp—p‘é bi;gaab. Lﬁpgiﬁi;fl
It is clear that L(G)’= {wo | cueh{g,b}*',*z}'.e @)y and v = {a,B)%.
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Chapter 2

The Convergence of Mildly Context-Sensitive
Grammar Formalisms

Aravind K. Joshi, K. Vijay-Shanker, and David Weir

1 Introduction

Since the late 1970s there has been vigorous activity in constructing highly
constrained grammatical systems by eliminating the transformational com-
ponent either totally or partially. This was caused by increasing recogni-
tion that the entire range of dependencies that transformational grammars
in their various incarnations have tried to account for can be captured
satisfactorily by classes of grammars that are nontransformational and at the
same time highly constrained in terms of the classes of grammars and
languages they define. Peters and Ritchie (1972) showed that context-
sensitive grammars (CSGs)—if used for analysis (and not for generation),
thus providing more descriptive power than context-free grammars (CFGs)
—have the same weak generative capacity as CFGs. This result was gen-
eralized by Joshi and Levy (1977) to Boolean combinations of contextual
predicates and domination predicates.

In the early 1980s Gazdar (1982) proposed a grammatical formalism
(which later became the Generalized Phrase Structure Grammar (GPSG)
formalism; see Gazdar et al. 1985) whose weak generative capacity is the
same as that of the CFGs, but which is adequate to describe various syn-
tactic phenomena previously described in transformational terms. Gazdar
was careful to note that his results did not mean that syntactic phenomena
that required formal power beyond CFG did not exist. Rather, his claim
was that, with respect to the range of phenomena known at that time,
CFGs seemed to be quite adequate. Later, some clear examples of natural
language phenomena were discovered that required formal power beyond
CEG (see, for example, Shieber 1985 and Culy 1985, for an argument from

This chapter is a revised version of a paper presented by the first author at the conference
on “The Processing of Linguistic Structure” sponsored by the System Development Foun-
dation held at Santa Cruz, CA, January 1987. We want to thank Jean Gallier, Tony Kroch,
Mitch Marcus, Remo Pareschi, Yves Schabes, Mark Steedman, Ramesh Subrahmanyam, and
Bonnie Webber for valuable discussion about several aspects of this chapter. This work was
Partially supported by NSF grant IR184-10413 A02, US Army grant DAA6-29-84K-0061,
DARPA grant N0014-85-K0018, and Advanced Technology Center (PA) grant # 309.
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weak generative capacity, and Bresnan et al. 1982, for an argument from
strong generative capacity). Hence, the question of how much power j

beyond CFG is necessary to describe these phenomena became important. §

Pollard (1984) proposed an extension of CFG, called head grammars |
(HGs), which introduced some wrapping operations beyond the concatena- |
tion operation in CFG. Roach (1987) investigated some formal properties 1

of HGs. HGs, like CFGs, are string-generating systems.

Joshi, Levy, and Takahashi (1975) introduced a grammatical formalism |
called tree-adjoining grammars (TAGs), which are tree-generating systems, ]
and investigated some of their formal properties. Joshi (1985) showed
how TAGs factor recursion and the domain of dependencies in a novel |
way, leading to “localization” of dependencies, their long-distance be- ]
havior following from the operation of composition, called “adjunction.”

TAGs have more power than CFGs, and this extra power is a corollary of

factorization of recursion and the domain of dependencies. This extra |
power appeared to be adequate for the various phenomena requiring more
formal power than CFG. The linguistic significance of TAGs has been |
discussed by Joshi (1985), Kroch and Joshi (1985, 1986), Kroch (1986), and |}
Kroch and Santorini (to appear). Based on the formal properties of TAGs, 1
Joshi (1985) proposed that the class of grammars that is necessary for {
describing natural languages might be characterized as the class of mildly §
context-sensitive grammars (MCSG; MCSL for the corresponding languages) 1
possessing at least the following properties: (1) context-free languages 3
(CFLs) are properly contained in MCSL; (2) languages in MCSL can be
parsed in polynomial time; (3) MCSGs capture only certain kinds of de-

pendencies, such as nested dependencies and certain limited kinds of cross-

ing dependencies (for example, in subordinate clause constructions in §
Dutch or some variations of them, but perhaps not in the so-called MIX (or |
Bach) language, which consists of equal numbers of a’s, b’s, and ¢’s in any
order): and (4) languages in MCSL have the constant growth property.
This last property means that if the strings of a language are arranged in
increasing order of length, then two consecutive lengths do not differ by |
arbitrarily large amounts. In fact, any given length can be described as a |

linear combination of a finite set of fixed lengths. This property is slightly

weaker than the property of semilinearity. It is intended to be an ap- §
proximate characterization of the linguistic intuition that sentences of a §

natural language are built from a finite set of clauses of bounded structure

using certain simple linear operations. The characterization of this intuition
by the constant growth property is approximate because it refers to the |

growth of strings and not to the growth of structures.

It should be noted that these properties do not precisely define MCSG §
but rather give only a rough characterization, because the properties are 1
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only necessary conditions, and because some of the properties are prop-
erties of structural descriptions rather than of the languages and therefore
are difficult to characterize precisely. This characterization of MCSG, obvi-
ously motivated by the formal properties of TAGs, would have remained
only a passing remark were it not for some subsequent developments.

In response to a talk by Geoffrey Pullum at COLING 84, Joshi pointed
out that all the known formal properties of HGs appeared to be exactly the
same as those of TAGs. Later it was shown that with a slight modification
of HGs (which is necessary because the wrapping operations are undefined
for null strings), HGs are equivalent to TAGs (Vijay-Shanker, Weir, and
Joshi 1986; Weir, Vijay-Shanker, and Joshi 1986).

Since then, two other formalisms have also been shown to be equivalent
to TAGs. These are linear indexed grammars (LIGs) (Gazdar 1985) and
combinatorial categorial grammars (CCGs) (as developed in Steedman
1987, 1990). Thus, four quite different formalisms have been shown to be
equivalent and thus belong to the class of MCSGs. These formalisms are
different from each other in the sense that the formal objects and opera-
tions they employ are quite distinct and in the sense that they are moti-
vated by attempts to capture different aspects of language structure. Each
of these formalisms has a domain of locality that is larger than that specifi-
able in a CFG. By a domain of locality we mean the elementary structures
of a formalism over which dependencies such as agreement, subcategoriza-
tion, and filler-gap relations can be specified. However, it is not the case
that each one of these formalisms extends the domain of locality to the
same extent. TAGs extend the domain of locality far enough that recursion
is factored away from the domain of dependencies.

When two formalisms based on apparently completely different ideas
turn out to be equivalent, there is a possibility that we are getting a handle
on some fundamental properties of the objects that these formalisms were
designed to describe. When more than two distinct formalisms turn out to
be equivalent, the possibility is even greater. In fact, a deeper under-
standing of the relationships between these formalisms is obtained if we
lqok at the derivation structures (related to structural descriptions) pro-
vided by each formalism. A first attempt to capture the closeness of some
qf these formalisms at the level of derivation structures resulted in the
linear context-free rewriting systems (LCFRSs) described in section 6.

'I.'he rest of the chapter is organized as follows. In section 2 we present
an introduction to TAGs, including some simple examples. We discuss
TAGs in more detail than the other formalisms because the theory of
EAGS has played a key role in our investigations of the relationships
letween different grammatical formalisms. In fact, most of the equiva-
ences described in this chapter have been established via TAGs. In section
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2 we also describe an extension of TAGs, called multicomponent TAGs 1

(MCTAGs), first discussed by Joshi, Levy, and Takahashi (1975) and later

defined precisely by Weir (1988). MCTAGs also belong to the class of ]

MCSGs and are in fact equivalent to LCFRSs.

In section 3 we briefly describe HGs and show their equivalence to
TAGs. In section 4 we show the equivalence of LIGs to TAGs, and in §
section 5 the equivalence of CCGs to LIGs and thereby to TAGs and HGs. |

In section 6 we present LCFRSs.
In section 7 we briefly present feature-structure-based TAGs (FTAGs),

where adjunction becomes function application and unification. FTAGs, in ]
general, are unconstrained; however, if the feature structures associated |

with each node in an elementary tree are bounded, then this restricted

FTAG (RFTAG) is equivalent to TAG. This restriction on feature structures |
is similar to that in GPSG. However, since TAGs have an extended domain
of locality, RFTAGs (equivalent to TAGs) are more powerful than GPSGs §

(equivalent to CFGs).
In section 8 we consider a variant of TAGs, the lexicalized TAGs

(LTAGs). Although adjunction can simulate substitution, by adding the }
operation of substitution explicitly, we obtain LTAGs. Such a lexicalization |
is implicit in TAGs in the sense that all the elementary trees need not be |

explicitly stated. However, the framework of LTAGs brings this out explic-

itly. LTAGs are equivalent to TAGs. The relationship between TAGs and _

CCGs also becomes clear in the framework of LTAGs.
Finally, in section 9 we consider a generalization of TAGs, called

TAG(LD/LP), which decouples (local) domination from linear precedence ‘
and allows a treatment of complex word-order patterns including those
that exhibit long-distance behavior similar to the filler-gap dependencies, §
but different in the sense that “movement” is not to a grammatically |}
defined position. The languages of TAGs are obviously contained in §

TAGs(LD/LP). It is not known yet whether the containment is proper.

Figure 2.1 summarizes all these relationships. The nodes are labeled by §
the grammar formalisms. The containments shown are, of course, with |
respect to the corresponding languages. Two formalisms outside of MCSG §

are also shown in the figure.

We present our results here informally, giving examples to illustrate the
ideas in the proofs. We leave more detailed proofs with full technical details
to future work.

2 Tree-Adjoining Grammar Formalism

A tree-adjoining grammar (TAG) G = (I, A), where | and A are finite sets of §

elementary trees. The trees in I will be called the initial trees and the trees in
A, the auxiliary trees. A tree « is an initial tree if it is of the form in (1):
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o IG
e LFG

/ MCTAG
LCFRS *
) /
/ HG
[ ]
& /

TAG(LD/LP) /°K
WG)

[The containments are with respect to the languages.]

CCG: Combinatory categorial grammars

CFG(GPSG): Context-free grammars (generalized phrase structure
grammars)

HG: Head grammars

IG: Indexed grammars

LCFRS: Linear context-free rewriting systems

LFG: Lexical-functional grammars

LIG: Linear indexed grammars

MCTAG: Multicomponent TAGs

TAG: Tree-adjoining grammars

TAG(LD/LP): TAGs (local domination/linear precedence)

Figure 2.1
Mildly context-sensitive grammar formalisms (MCSG)
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terminals

That is, the root node of o is labeled S and the frontier nodes are all
terminals. A tree f is an auxiliary tree if it is of the form in (2):

) g = X

e ===

terminals/A N\ terminals

That is, the root node of f is labeled X, where X is a nonterminal, and the
frontier nodes are all terminals except one, which is also labeled X. The |

frontier node labeled X will be called the foot node of B. The internal nodes |
are nonterminals. The initial and the auxiliary trees are not constrained in |

any other manner. The idea, however, is that both the initial and the
auxiliary trees will be minimal in some sense. An initial tree will correspond
to a minimal sentential tree (that is, without recursing on any nonterminal),

and an auxiliary tree, with root and foot node labeled X, will correspond to

a minimal recursive structure that must be brought into the derivation, if
one recurses on X. '

We will now define a composition operation called adjunction, which |
composes an auxiliary tree with a tree y. Let 7 be a tree containing a node

n bearing the label X and let § be an auxiliary tree whose root node is also

labeled X. (Note that g must have, by definition, one (and only one) frontier ]
node labeled X)) Then the adjunction of § to y at node n will be the tree y’ |

that results when the following operations are carried out:

1. The subtree of 7 dominated by #, call it ¢, is excised.

2. The auxiliary tree f is attached at n and its root node is identified |}

with n.

3. The subtree ¢ is attached to the foot node of # and the root node '

n of t is identified with the foot node of B.

Figure 2.2 illustrates this operation. ]
The intuition underlying the adjunction operation is a simple one, but |
the operation is distinct from other operations on trees that have been
discussed in the literature. In particular, we want to emphasize that adjunc-
tion is not a substitution operation in the usual sense. i
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S

y = S B = X y =
node i i
ﬁ X AN
L t
X, AR
X,

Figure 2.2
Adjunction

Adjunction can, however, simulate substitution. A variant of TAG
(called lexicalized TAG) that explicitly uses both adjunction and substitu-
tion is discussed in section 8. Lexicalized TAGs are equivalent to TAGs.
For the rest of the chapter we will only consider adjunction as defined
above.

The definition of adjunction allows more complex constraints to be
placed on adjoining. Associated with each node is a selective adjunction (SA)
constraint specifying the subset of auxiliary trees that can be adjoined at
this node. Trees can be included in the SA constraint associated with a
particular node only if their root and foot are labeled with the same
nonterminal that labels the node. A mechanism is provided for ensuring
that adjunction is performed at a node. This is done by associating an
obligatory adjunction (OA) constraint with that node.

We should note that the SA and OA constraints are more than mere
notational convenience, since they increase the generative power of the
formalism. If the SA constraint specifies an empty subset of trees, then
adjunction cannot be performed at this node—we call this constraint the
null adjunction (NA) constraint.

(In section 7 we will describe a feature-structure-based TAG (FTAG). In
this framework, adjunction becomes function application and unification,
and the constraints described above are implicit in the feature structures
and the success or failure of unification during composition. A restricted
version of FTAG, RFTAG, also described in section 7, is equivalent to
TAG. For the rest of the chapter we will consider the constraints as
described above.)

Let us now define two auxiliary notions, the tree set of a TAG and the
string language of a TAG. Suppose G = (I, A) is a TAG with a finite set of
initial trees, a finite set of auxiliary trees, and the adjunction operation, as
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There are no constraints in ;. In 8 no auxiliary trees can be adjoined at
cither the root node or the foot node; the center S node has no constraints.
Starting with a; and adjoining f to «, at the root node, we obtain

Wﬂ

above. Then we define the free set of a TAG G, T(G), to be the set of all
trees derived in G starting from initial trees in I. We further define the string ]
language (or language) of G to be the set of all terminal strings of the trees ;
in T(G). The relationship between TAGs, CFGs, and the corresponding
string languages can then be summarized in the following theorems (Joshi, ]
Levy, and Takahashi 1975; Joshi 1985): '

1. For every CFG, G/, there is a TAG, G, which is both weakly and §
strongly equivalent to G'. In other words, L(G) = L(G') and T(G) = |
T(G). ‘
2. There exists a nonempty set of TAGs G, such that for every
G € G,, L(G) is context free but there is no CFG G’ such that T(G') = |
T(G). That is, TAGs are capable of providing structural descriptions §
for context-free languages that are not obtainable by a CFG. ]
3. There exists a nonempty set of TAGs G, such that for every |
G € G,, L(G) is strictly context sensitive. That is, there is no CFG G’
such that L(G) = L(G’) (or, in other words, TAGs are strictly more
powerful than CFGs). ‘_
4. There exist context-sensitive languages for which there are no |
equivalent TAGs. That is, TAGs are properly contained in context- |
sensitive languages.
5. TAGs are semilinear and hence have the constant growth property. }
6. TAGs can capture only certain limited kinds of crossed dependen- §
cies. This follows from the nature of the automaton that corresponds
to a TAG, called an embedded pushdown automaton (EPDA), which is a
generalization of the pushdown automaton (PDA).

7. TAGs can be parsed in polynomial time—in fact, with a time
based Kn®, where n is the length of the string and K is a constant |
depending on the grammar.

S NA

Adjoining f to the center S node (the only node at which adjunction can
occur), we have

y = S Na

/\S \
’ a/N\s g
Lo

NA c

e

2.1 Some Examples of Formal Languages It is easy to see that G generates the string language

exaMPLE T Let G = (I, A) be a TAG with local constraints where L = {a"b"c"|n > 0}

I = S EXAMPLE 2 Let G’ be a TAG similar to G in example 1, except that in G’
| there are no constraints in . G’ generates
€ L= {wec"|n>0, #a’'sinw = #b'sinw=n,
_ and for any proper initial string u
A % of w, #a’sinu > #b'sinu}.
; 5 This language is closely related to the context-sensitive language dis-

cussed by Higginbotham (1984), which can also be shown to be a TAG
language.
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EXAMPLE 3 Let G = (I A) be a TAG with local constraints, where

L o, = S

|

e

A: B, = S Na g, = S NA
a/\s b/\S
/\ /\
S NaA a S Na b

G generates the language
L = {wew|w € {a, b}"}.
EXAMPLE 4 Let G’ be a TAG that is the same as G in example 3 but
without any local constraints. The corresponding language is
L = {wew'|w, w’ € {a, b}, |w| = |w’|
#a'sinw = #a'sinw’, #b's
inw= #b'sinw =n}.
This language is related to the Swiss-German example discussed by
Shieber (1985).

EXAMPLE 5 Let G = (I A) be a TAG with local constraints, where

I: o, = S
|
A g = S NaA
/I\
a S d
e
b S Na c

G generates
L = {a"b"ec"d"|n > 1}.
Note that it can be shown that languages

L! = {a"b"c"d"e"|n = 1}
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and
L2 = {www|w € {a, b}"}

cannot be generated by TAGs either with or without local constraints
(Joshi 1985). Other languages such as L' = {a"’|n > 1} also cannot be
generated by TAGs. This is because the strings of a TAG have the constant
growth property.

2.2 Derivation in a TAG
We will not describe formally the notion of derivation in a TAG; however,
the informal discussion to follow will make the notion of derivation in
TAG precise enough for our purpose. Adjunction is an operation defined
on an elementary tree, say 7, an auxiliary tree, say f, and a node (that is, an
address) in y, say n. Thus, every instance of adjunction is of the form “g is
adjoined to y at n,” and this adjunction is always and only subject to the
local constraints associated with n. Although we very often speak of
adjoining a tree to a node in a complex structure, we do so only for
convenience. Strictly speaking, adjunction is always at a node in an
elementary tree; therefore, it is more precise to talk about adjoining at an
address in an elementary tree. More than one auxiliary tree can be adjoined
to an elementary tree as long as each tree is adjoined at a distinct node.
After these auxiliary trees are adjoined to the elementary tree, only nodes
in the auxiliary trees are available for further adjunction. This precision in
the definition of adjunction will be necessary when we define multi-
component adjunction in section 2.3.

Now suppose that a is an initial tree and that B,, B,, ... are auxiliary
trees in a TAG, G. Then the derivation structure corresponding to the
generation of a particular string in L(G) might look as follows:

&y
(ﬁsr”1) (BGI”Z) (ﬁlO/”})

(ﬂ11m1) (B3, my) (Bsfpl)

®, is an initial tree. B;, B¢, and B, are adjoined at nodes n,, n,, and 1,
respectively in «,, where n,, n,, and n, are all distinct nodes. g, and B, are
adjoined to B, at nodes m, and m, respectively. Again, m; and m, are
distinct. 4 has no further adjunctions, but fg is adjoined to B, at node p; .
Note that the derivation structure implicitly characterizes the “surface”
tree that is generated by it. (See section 7 for the relationship of TAG and
the unification formalism.) In this way the derivation structure can be seen
as the basic formal object constructed in the course of deriving a sentence.
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Associated with it will be two mappings, one to a surface syntactic tree and ‘
the other to a semantic interpretation, as below. (We are not concerned |

with semantic interpretation in this chapter.)

surface tree « derivation structure — semantic interpretation

In a CEG the derivation structure is the same as the surface structure. In |
a TAG this is not the case. Several of the formalisms that we have shown }
to be equivalent are comparable at the level of the derivation structures.
Based on this observation, in section 6 we discuss a framework called the
linear context-free rewriting system (LCFRS), which captures the com- §

monality at the level of derivation structures.

2.3 Multicomponent TAGs

In Joshi, Levy, and Takahashi 1975 a version of the adjunction operation is {
introduced under which, instead of a single auxiliary tree, a set of such trees 1
is adjoined to a given elementary tree. This extension of TAG is known as }
multicomponent TAG (MCTAG). We define the adjunction of such a set as }
the simultaneous adjunction of each of its component trees to a distinct 3
node (address) in an elementary tree. This adjunction can, of course, take }
place only if the local constraints associated with each affected node of the
elementary tree are satisfied. Consider, for example, the following grammar §

G={( A
L: o, = S
N
A B
AN
a C b
|
¢
A B = _ﬂu: A B2 B
VANV
| a A B b
B = 73211 C
|« C

B, is an auxiliary set consisting of the two trees f; and B, ,. Here is a

sample derivation in G:
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Yo = %1 = 5
N
(n) A B (n,)
N
a C b
|
c
Y1 = 5

60

Bi1 a |

c

P12

7,. it should be clear, is obtained by adjunction of the components f,
and B, , of the auxiliary set 8, to y, at the nodes n, and n, respectively. In
the current example, the set 8, has two component trees and f, has only
one component. If every auxiliary tree set of a TAG has only one compo-
nent, we have a TAG as defined earlier. It can be shown that the number
of components in the auxiliary sets does not make any difference to the
generative capacity; in other words, both the weak and strong (with re-
spect to tree sets generated and not, of course, with respect to the deriva-
tion structures) generative capacities of MCTAGs are the same as those for
TAGs where each auxiliary set has exactly one component. On the other
hand, derived auxiliary sets can be defined by adjoining an auxiliary set,
say p,, to another auxiliary set, say f,, as follows. Each component of f,
is adjoined to one (and exactly one) component of 8,, and all adjunctions
are at distinct nodes. Note that since it is not required that each component
of B, adjoin to the same component of $,, one component may adjoin to one
component and another component to a different component of ,; that is,
adjunctions of components are not to the same component (elementary
tree) of B,, but they are all adjunctions to the same auxiliary set. Thus,
locality of adjunction can be defined in two ways: (1) by requiring that all
components of an auxiliary set adjoin to the same elementary tree, (2) by
requiring that all components of an auxiliary set adjoin to the same auxiliary
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Bs = NP
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sef, not necessarily to the same elementary tree. The first type of locality
does not add to the generative capacity of the MCTAG. The second type
of locality does add to the weak generative capacity of the MCTAG;
however, the resulting class of languages still falls within the class of
“mildly context-sensitive” languages. With the second type of locality an
MCTAG can be defined for the language L' = {a"b"|n > 1} such that the
#'s all hang from one path from the root node S and the b’s all hang from
another path from the root node. Such a structural description cannot be
provided by TAGs, where each auxiliary set has exactly one component
(see also Joshi 1985). For further details of MCTAGs, see Weir 1988. Weir
(1988) has also shown that MCTAGs (with the second definition of local-
ity) are equivalent to LCFRSs (see section 6).

NP

2.4 Some Linguistic Examples

EXAMPLE 6  Starting with the initial tree 7, = «, and then adjoining f at

the indicated node (marked by *) in «,, we obtain y,. NP wh t Bill
who met Bi

Y, = o = S

/\

DET N “/ NP
t}[e glrl saw DET N

a bird
the girl saw a bird

The girl who met Bill saw a bird.
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EXAMPLE 7 Starting with the initial tree y, = «¢ and adjoining B, at the'
indicated node in ag, we obtain y,.

5 * 0a(By. B, Ba)

' T % = ‘
S
N
NP vp
AN
PRO TO VP
vV NP
imLte IL
ery
PRO to invite Mary
By = S
|
S
/\
NP VP
| I
N %4 NP S Na
]oLn persladed IL
B’ill

John persuaded Bill 5

The Convergence of Mildly Context-Sensitive Grammar Formalisms 47

72

John persuaded N

Bill

V. NP

invite N

Mary
John persuaded Bill PRO to invite Mary.

Since the initial tree ag is not a root sentence, it must undergo an
adjunction at its root node, for example, by the auxiliary tree f; as shown
above. Thus, for g we have specified a local constraint OA(B,, B,, B) for
the root node, indicating that ag must undergo an adjunction at the root
node by an auxiliary tree g, .
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EXAMPLE 8  Starting with the initial tree y, = ag and adjoining f, to ag at}
the indicated node in ag, we obtain y,. ‘

' = ag = /5\
COMP 5 * 0A(By, By, Ba)

A

[+wh]/\
NP vP
VA

PRO TO VP

/\

V NP

invite e;
who PRO to invite

Bs = s
|
S
/‘N
AUX NP vp
N
N 1% NP S NA

John persuade N

Bill
did John persuade Bill S
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4

VNP

invite e;

Who did John persuade Bill PRO to invite?

Note that the link in vy, is preserved in y,; it is stretched, resulting in a
so-called unbounded dependency. Also note that, as in previous examples,
ag is an initial tree that cannot serve as a root sentence and the obligatory
adjunction possibilities are as indicated. Again the local constraint (NA) at
the foot node of B, prevents further adjunction at this node in y,.

3 Head Grammars: Head Wrapping and Tree Adjunction

In this section we will briefly describe head grammars (HGs) (Pollard 1984)
and relate them to TAGs. (For further details, see Weir, Vijay-Shanker, and
Joshi 1986; Vijay-Shanker, Weir, and Joshi 1986). HGs are not to be con-
fused with head-driven phrase structure grammars (HPSGs) (Pollard 1985).

3.1 Head Grammars
Head grammars are string-rewriting systems like CFGs, but differ from them
in that each HG string has a distinguished symbol corresponding to the
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head of the string. These are therefore called headed strings. The formalism }
allows not only concatenation of headed strings but also so-called head- -
wrapping operations, which split a string on one side of the head and place |
another string between the two substrings. When we wish to explicitly |
mention the head, we use the notation w,aw,; alternatively, we simply }
denote a headed string by . Productions in an HG are of the form ]
A-fl,, ..., a,) or A—>a,, where A is a nonterminal, a; is either a
nonterminal or a headed string, and f is either a concatenation or a head-
wrapping operation. Roach (1987) has shown that there is a normal form }
for HGs that uses only the following operations: 1

LC1(uya u,, 0,@,05) = 48, U,0,8,0;
LC2(uya,45, 0,d,0,) = U@, Uy U, 8,0,
LL1(u,a, 4y, 018,0,) = 48,0, 8,04,
LL2(u,a, 4y, 0,8,0;) = U, 8,0, 8,04,
LR1(u a4, 0,8,0,) = Uy 0, 8,0,8, 4y
LR2(u; a4y, 0,8,0,) = Uy U 8,0,8, U,.

LC1 concatenates the two strings; the head of the resulting string comes
from the first string. Similarly for LC2. LL1 inserts the second string into 1
the first string to the right of the head of the first string; that is, the head
of the first string is to the left. The head of the resultant string is the head {
of the first string. Similarly for LL2, LR1, and LR2. 3

Pollard’s definition of headed strings includes the headed empty string 1.1
However, the term fi(@,, ..., @, ..., W,) is undefined when w; = . This §
nonuniformity has led to difficulties in proving certain formal properties of §
HGs (Roach 1987). This difficulty can be removed by formulating HGs as 1
follows. 2

Instead of headed strings, we will use so-called split strings. Unlike a}
headed string, which has a distinguished symbol, a split string has a ]
distinguished position about which it may be split. There are three opera- }
tions on split strings: W, C1, and C2. The operations C1 and C2 corre- )
spond to the operations LC1 and LC2 in HGs. They are defined as follows:

Cl(w, 1wy, Uy Uy) = Wy Wl Uy
C2(w, 1wy, uy1Uy) = W WUy 1.

Since the split point is not a symbol (which can be split either to its left or §
to its right) but a position between strings, separate left and right wrapping §
operations are not needed. The wrapping operation, W, is defined as follows: |

W, 1w, 4y 1ty) = W, Uy 1 UW5.
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It can be shown that this reformulation is equivalent to HG. We will use
this reformulation in our further discussion.

3.2 Wrapping and Adjunction

The weak equivalence of HGs and TAGs is a consequence of the similar-
ities between the operations of wrapping and adjunction. It is the roles
played by the split point and the foot node that underlie this relationship.
When a tree is used for adjunction, its foot node determines where the
excised subtree is reinserted. The strings in the frontier to the left and right
of the foot node appear on the left and right of the frontier of the excised
subtree. As shown in figure 2.3, the foot node can be thought of as a
position in the frontier of a tree, determining how the string in the frontier
is split.

Adjunction, in this case, corresponds to wrapping w,;,;w, around the
split string v, 10,. Thus, the split point and the foot node perform the same
role. The proof showing the equivalence of TAGs and HGs is based on this
correspondence.

3.3 Inclusion of TAL in HL
We will briefly present a scheme for transforming a given TAG to an
equivalent HG. We associate with each auxiliary tree a set of productions
such that each tree generated from this elementary tree with frontier
w, Xw, has an associated derivation in the HG, using these productions, of
the split string w, ;w,. The use of this tree for adjunction at some node
labeled X can be mimicked with a single additional production that uses the
wrapping operation.

For each elementary tree we return a sequence of productions capturing
the structure of the tree in the following way. We use nonterminals that are
named by the nodes of elementary trees rather than the labels of the nodes.

N

Wy I W, vy I (73 wy Wy

foot foot

Figure 2.3
fapping and adjunction
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For each node 7 in an elementary tree, we have two nonterminal nodes
and Y, allowing for the possibility that an adjunction occurs at #:
derives the strings appearing on the frontier of trees derived from the
subtree rooted at n; Y, derives the concatenation of the strings derived
under each daughter of 5. If # has daughters 7,, ..., 1, then we have th

production
Y, = CitX,,, .., X, |
where the node 1; dominates the foot node (by convention, we let i = 1 i

n does not dominate the foot node). Adjunction at # is simulated by use of
the production 4

X, —» W(X,, Y,)

where y is the root of some auxiliary tree that can be adjoined at 7.
adjunction is optional at #, then we include the production 1

X, — Y,

Notice that when # has an NA or OA constraint, we omit the second of
third of the above productions, respectively.
We illustrate the construction with an example showing a single aux4
iliary tree and the corresponding HG productions. In this example, ;]
ls, ..., W, are the root nodes of the trees that can be adjoined at 7, in B. A

n—> X NA

/\

b X NA c

HG productions corresponding to B are
Xy, = Yoo
Y, - C2(a, X,,),
X,, = W(X,,, Y,,),
X, = WX, Y,,)
Xy, = Yoo
Y, — C2(b, X,,0),
Xys = Yoo
Y,, =4
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3.4 Inclusion of HL in TAL

In this construction, we use elementary trees to simulate directly the use of
productions in HG to rewrite nonterminals. Generation of a derivation tree
in string-rewriting systems involves the substitution of nonterminal nodes,
appearing in the frontier of the unfinished derivation tree, by trees corre-
sponding to productions for that nonterminal. From the point of view of
the string languages obtained, tree adjunction can be used to simulate
substitution, as illustrated in the following example.

X
‘ w, (253 X
4 X
w, w,
A

Notice that although the node where adjunction occurs does not appear in
the frontier of the tree, the presence of the node labeled by the empty
string does not affect the string language.

For each production in the HG we have an auxiliary tree. A production
inan HG can use one of the three operations C1, C2, and W. Correspond-
ingly, we have the following three types of trees.

A NA

A NA A NA Ili OA

1‘3 OA ‘C OA 1‘3 OA T OA C oa

A NA A A A NA /'1 NA
A->C1(BC) A— C2(B,C) A - W(B, ()

Drawing the analogy with string-rewriting systems: NA constraints at
€ach root node ensure that a nonterminal is rewritten only once; NA
Constraints at the foot node ensure that, like the nodes labeled by 4, they
do not contribute to the strings derived; and OA constraints ensure that
€very nonterminal introduced is rewritten at least once.

The two trees mimicking the concatenation operations differ only in the
Position of their foot node. This node is positioned in order to satisfy the
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following requirement: for every derivation in the HG there must be §
derived tree in the TAG for the same string, in which the foot is positione
at the split point. 4

The tree associated with the wrapping operation is quite different.
foot node appears below the two nodes to be expanded because
wrapping operation of HGs corresponds to the LL1 operation of HGs i
which the head (split point) of the second argument becomes the new hea
(split point). Placement of the nonterminal that is to be wrapped abow
the other nonterminal achieves the desired effect, as described earlier.

Though straightforward, this construction does not capture the linguisti{
motivation underlying TAGs. The auxiliary trees directly reflect the use o
the concatenation and the wrapping operations. Elementary trees for na v
ural languages are constrained to capture meaningful linguistic structurey
In the TAGs generated in the above construction, the elementary trees af
incomplete in this respect, as reflected by the extensive use of the OA
constraints. Since HGs do not explicitly give minimal linguistic structure
in the sense of TAG, it is not surprising that such a direct mapping fro 1
HGs to TAGs does not recover this information. '

3.5 Notational Differences between TAGs and HGs :
TAGs and HGs are notationally very different, and this has a number d
consequences that influence the way in which the formalisms can be us e
to express various aspects of language structure. The principal difference
derive from the fact that TAGs are a tree-rewriting system, whereas HQ
manipulate strings or pairs of strings. '

In order to be linguistically meaningful, the elementary trees in a TA
must conform to certain constraints that are not explicitly specified in th
definition of the formalism. In particular, each elementary tree must cor§
stitute a minimal linguistic structure elaborated up to preterminal (termins
symbols and containing a head and all its complements or a modifier. Initi§
trees have essentially the structure of simple sentences; auxiliary treg
correspond to minimal recursive constructions and generally constituly
structures that act as modifiers of the category appearing at their root anf
foot nodes.

A hypothesis that underlies the linguistic intuitions of TAGs is that
dependencies are captured within elementary trees. This is based on tH¥
assumption that elementary trees are the appropriate domain upon whid
to define dependencies, rather than, for example, productions in a CF(
Since in string-rewriting systems dependent lexical items cannot alwa
appear in the same production, the formalism does not prevent the po}
sibility that it may be necessary to perform an unbounded amount §
computation in order to check that two dependent lexical items agree §
certain features. However, since in TAGs dependencies are captured B
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bounded structures, we expect that the complexity of this computation
does not depend on the derivation. Features such as agreement may be
checked within the elementary trees (instantiated up to lexical items) with-
out need to percolate information up the derivation tree in an unbounded
way. Some checking is necessary between an elementary tree and an
auxiliary tree adjoined to it at some node, but this checking is still local and
bounded. Similarly, elementary trees, being minimal linguistic structures
capture all of the subcategorization information. ’

TAGs have only one operation of composition, namely, adjunction.
HGs have concatenation and a variety of types of wrapping. Further,
TAGs differ from HGs in that they generate phrase structure trees. As
a result, the elementary trees must conform to certain constraints such
as left-to-right ordering and dominance relations. Unlike other string-
rewriting systems that use only the operation of concatenation, HGs do
not associate a phrase structure tree with a derivation: wrapping, unlike
concatenation, does not preserve the word order of its arguments.

It is still possible to associate a phrase structure with a derivation in HGs
that indicates the constituents, and we use this structure when comparing
the analyses made by the two systems. These trees are not really phrase
structure trees but rather trees with annotations that indicate how the
constituents will be wrapped (or concatenated). It is thus a derivation
structure, recording the history of the derivation. The following example
illustrates how a constituent analysis is produced by a derivation in an HG,

corresponding to the order John Mary saw swim as required in a Dutch
subordinate clause.

S LC2
/\
NP VP RR1
N
N 1% S LC2
I N
John saw NP VP
Vo

Mary swim

. :\lthough. a 'I;AG generates trees (phrase structure trees), these trees are
ot the derivation trees. For a tree y generated in a TAG, G, there is a
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derivation structure associated with y. Because TAG and HG are different
systems, it is not possible to directly compare them with respect to their §
“strong” generative capacities. (In Weir, Vijay-Shanker, and Joshi 1986 we §
discuss a few linguistic examples comparing the structural descriptions '
provided by HG and TAG.) HG and TAG are comparable at the level of
the derivation structures they produce. This aspect will be discussed in
section 6.

4 Linear Indexed Grammars

Indexed grammars (IGs) were introduced by Aho (1968) as a generalization :
of CEG, and their mathematical properties have been investigated exten- 4
sively. The class of indexed languages (ILs) is properly contained in the |
class of context-sensitive languages (CSLs) and properly contains CFLs. IGs
IGs were not introduced as grammatical formalisms for natural language; 4
however, because IGs are more powerful than CFGs and because recent
investigations have shown that additional power beyond that of CFGs is
required, IGs have received attention from linguists. Gazdar (1985) dis-
cusses the relevance of IGs to natural language. The class of ILs as a whole is §
clearly larger than the class of so-called mildly context-sensitive languages
(MCSLs), simply because ILs, in general, do not have the constant growth
property, because not all ILs are semilinear. For example, L = {a"|n > 1}, §
L = {a*"|n > 1} are ILs, but are not semilinear. ;

IGs are defined as follows. (We will adopt the notation used in Gazdar
1985, which is essentially the same notation used in Hopcroft and Ullman
1979.) Let A, B, C, ... be the nonterminals; 4, b, ¢, ... the terminals; W, W, §
W, ... strings of terminals and nonterminals; i, j, k, ... indices; [ 1 [..] [i..]
stacks of indices, where [ ] denotes an empty stack, [..] a possibly empty §
stack, and [i..] a stack whose topmost index is i. The productions are as §
follows: ;

1. A[..]> W[.]
2. Al..]—>B[i..]
3. Ali..] > WI[..]

WI..]is a shorthand for, for example, A,[..]... A,[..]; in other words, it §
stands for a right-hand side in which each nonterminal in W has [..] asso- j
ciated with it. i

Rule 1 copies the stack on A to all the nonterminal daughters. It is
assumed by convention that no stacks are associated with the terminals.
Rule 2 pushes an index i on the stack passed from A to a unique non-
terminal daughter. Rule 3 pops an index i and then copies the stack on A §
to all the nonterminal daughters. Gazdar (1985) includes some additional 1
rules, albeit redundantly. These are E
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4. Al..] > Wi IB[..]IW,[ ]
5. Al..] > W[ 1B[i..]W,[ ]
6. Ali..]—> W[ ]B[..IW,[ ]

Rule 4 copies the stack on A to exactly one nonterminal daughter. Rules 5
and 6 push and pop an index on the stack of a designated daughter.

An IG that has only rules of the form 4, 5, and 6 will be called a linear
indexed grammar (LIG). It can be shown that LIGs and TAGs, and therefore
HGs, are weakly equivalent (Vijay-Shanker 1987). We will briefly illustrate
the relationship between LIG and TAG by means of an example.

Let G be an LIG as follows:

1. S[..]1 > aAla..]
2. S[..]—aBla..]
3. Al..]>aAla..]
4. Al..]1—aBla..]
5. Bla..] = bB[..]c
6. Bl ]1—e

Let w, = abec. The derivation of w; is given in (3).

(3) /S[]\
a B [4]
[,/4\
B [] ¢

Let w, = aabbecc. The derivation of w, is given in (4).

(4) S []
/\
a A 4]
/\
a B [a,4]
/‘\
b B [4] c
/‘\
b B [] c
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Comparing (3) and (4), one can see that (n — 1) applications of rule 3, 3
one application of rule 4, then n applications of rule 5 allows us to add n §
a’s, nb’s, and n ¢’s in the right order. 4

Note that (3) is a minimal derivation in G. We now take (3) to be an 4
elementary tree (initial tree), say «, of a TAG G’, as shown in (5). 1

(5) a = S []

a B [a]
b B [] c
e

There is no need to keep the stacks that are associated with the non-
terminals in a. Thus, we can have (6). '

6) a = S

B
PN
b 1‘3 c

e
If we now introduce an auxiliary tree, say §, as in (7),

7 B =

|

B
B

b B c
which introduces one 4, one b, and one ¢, in the right order, we can simulate 1
the effect of applying rules 3, 4, and 5 in LIG, assuming f is adjoined only |
to the node B that is the sibling of a. # should not be adjoined to the node §
B that dominates e in «. Similarly in g, since  can be adjoined to § itself, 3
we want this adjunction to take place only to the interior B node of f, and §

not to the root and foot nodes of . We can achieve this by placing the NA
constraint at the appropriate nodes. Hence, the equivalent TAG, G',is
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o = S B = B Na

The operation of adjunction indirectly pairs the pushes and pops of
indices in just the right way. Also, this information is implicitly communi-
cated from the root of an auxiliary tree to its foot, along its spine (that is,
along the path from the root to the foot). This corresponds roughly to the
LIG constraint that the stack passes on from the left-hand side of a rule
only to a designated daughter.

The equivalence of LIG and TAG thus explains a conjecture made
by Bill Marsh (referred to in Gazdar 1985) that the languages L, =
{a"b"c"d"e"|n > 1} and L, = {www|w € {0, 1}*} cannot be generated by
LIG.

One variant of MCTAGs is more powerful than TAGs both weakly and
strongly (as described in section 2.3). For example, MCTAGs can generate,
for each k> 1, Ly = {a], a3, ..., af|n > 1} and can also generate the
double-spined structural descriptions for L, = {a"b"|n > 1}, that is, struc-
tural descriptions of the form

) /S\B
a/\A B/\b

a A B b
l

b

LIGs are inadequate for this purpose, because they do not permit branch-
ing stacks. MCTAGs are capable of achieving some of the effects permitted
by branching stacks; however, since they still maintain the constant growth
Property, they are more constrained. Whether there is any appropriate
extension of LIG that permits branching stacks without leading to the full
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power of IG is not known at present. Finding a subset of IG that is exactly 1

or nearly equivalent to MCTAG is a challenging open problem.

Note that although the equivalence of LIG and TAG has been estab- }
lished, there are some key differences between them. If we consider the
example described above, it is immediately clear that the “dependent” 4, b, §
and ¢ are always in the same elementary tree. This is only implicit in LIG. §
The dependency can only be inferred by examining the state of the stacks |
at the various stages of the derivation. This is due to the fact that TAGs 1
factor recursion and dependency, whereas string-rewriting systems, of

which LIG is an example, do not do so.

5 Combinatory Categorial Grammars

In this section we examine combinatory categorial grammars (CCGs), an 1
extension of classical categorial grammars (Ajdukiewicz 1935) developed |
by Steedman and his collaborators (Ades and Steedman 1982; Steedman
1985, 1987, 1990). Classical categorial grammars are known to be weakly 1
equivalent to CFGs (Bar-Hillel, Gaifman, and Shamir 1964), and the main |
result in this section is that under a certain definition (which corresponds to §
Steedman’s recent work) CCGs are weakly equivalent to TAGs, HGs, and
LIGs. We show this by showing that combinatory categorial languages |
(CCLs) are included in linear indexed languages (LILs) and that tree- §

adjoining languages (TALs) are included in CCLs (Weir and Joshi 1988).

On the basis of their weak equivalence with TAGs and HGs, it appears 1
that CCGs should be classified as a mildly context-sensitive grammar 1
formalism. The derivation tree sets traditionally associated with CCGs 1
have context-free path sets; they are similar to those of LIGs and therefore |
differ from those of LCFRSs. This does not, however, rule out the pos- 1
sibility that there may be alternative ways of representing the derivation of }

CCGs that will allow them to be classified as LCFRSs.

The complexity of TAL recognition is On®). Thus, a corollary of our |
result is that this is also a property of CCLs. Although previous work has
been done on the parsing of CCGs (Pareschi and Steedman 1987; Witten- |
burg 1986), no specific upper bound on recognition has been previously }

suggested.

5.1 Definition of CCGs

As defined here, CCG is the most recent version of a system that has }
evolved in a number of papers by Steedman (1985, 1987, 1990). In this §
section we first define CCGs and then show that the class of string lan- |
guages generated by CCGs is equal to the languages generated by TAGs

(and LIGs).
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perNITION 1 A CCG, G, is denoted by (Vr, Vy, S, f, R) where

V, is a finite set of terminals (lexical items),

Vy is a finite set of nonterminals (atomic categories),

S is a distinguished member of Vy,

fis a function that maps elements of V; U {e} to finite subsets of
C(Vy) is the set of categories,’ where

Vy € C(Vy) and if ¢;, c, € C(Vy) then (¢, /c,) € C(Vy) and
(Cl\fz) € C(Vn)r

R is a finite set of combinatory rules as defined below.

There are four types of combinatory rules, which involve variables z, y,
zover C(Vy), and each |; € {\, /}:

1. Forward application:
(aly) y—=x
2. Backward application:
y (@\y)—zx
3. Generalized forward composition for some n > 1:
@/y) Coliz)la - leze) = G liz)]z - - - 1nzn)
4. Generalized backward composition for some n > 1:
o whz)lz ez @) = Gz - 1aza)
Restrictions can be associated with the use of the combinatory rules in

R. These restrictions take the form of constraints on the instantiations of
variables in the rules. These can be constrained in two ways:

1. The initial nonterminal of the category to which x is instantiated
can be restricted.
2. The entire category to which y is instantiated can be restricted.

Derivations in a CCG involve the use of the combinatory rules in R. Let
the derives relation be defined as follows:

wch = oc,c,f,

if R contains a combinatory rule that has ¢, c, — ¢ as an instance, and « and
B are (possibly empty) strings of categories. The string language, L(G),

generated by a CCG, G, is defined as follows:
{a, ... t/l,,IS%c1 oGy GGEfla), a; € ViU e}, 1 <i<nj.

h/.\lt.hough there is no type-raising rule, its effect can be achieved to a
limited extent since f can assign type-raised categories to lexical items. This
is the scheme employed in Steedman’s recent work.
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5.2 Weak Generative Capacity ]
In this section we show that CCGs are weakly equivalent to TAGs, HGs,
and LIGs. We do this by showing the inclusion of CCLs in LILs and the |
inclusion of TALs in CCLs. We have already seen that TAG and LIG are§
equivalent (and TAG and HG are equivalent) (Weir, Vijay-Shanker, and §
Joshi 1986). Thus, the two inclusions shown below imply the weak equiv- §
alence of all four systems (TAG, HG, LIG, and CCQG). '

52.1 CCLs < LILs We describe how to construct an LIG, G’, from an }
arbitrary CCG, G, such that G and G’ are equivalent. Let us assume that
categories are written without parentheses, unless they are needed to |
override the left associativity of the slashes. 1
A category ¢ is minimally parenthesized if and only if one of the following :
holds: ;

c=AforAe Vy; »
¢ = (Aly¢]5 .- -|nca). for n > 1, where A € Vy and each ¢; is minimally §

parenthesized.

It will be useful to be able to refer to the components of a category c. We
first define the immediate components of c: ]

When ¢= A, the immediate component is A, !
When c=(A|, |5 .. .|sc,), the immediate components are A, ¢, ..., ¢ §

The components of a category ¢ are its immediate components together
with the components of its immediate components. The immediate compo-
nents are the category’s arguments. Thus, ¢ = (A|,¢,|; .- |sc,) is a category {
that takes n arguments of category ¢, ..., ¢, to give the farget category A |
Although in CCGs there is no bound on the number of categories that
are derivable during a derivation (categories resulting from the use of a$
combinatory rule), there is a bound on the number of components that§
derivable categories may have. This would no longer hold if unrestricted !
type raising were allowed during a derivation. '
Let the set D.(G) be defined as follows:

¢ € Dc(G) if ¢ is a component of ¢’ where
¢’ € f(a) for some a € VU {e}.

Clearly for any CCG, G, Dc(G) is a finite set. D;(G) contains the set of all§
derivable components; that is, for every category c that can appear in aj
sentential form of a derivation in some CCG, G, each component of ¢ is in
Dc(G). This can be shown, since, for each combinatory rule, if it holds of
the categories on the left of the rule, then it will hold of the category onj
the right. The number of derivable categories is unbounded because they can{
have an unbounded number of immediate components. !
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Each of the combinatory rules in a CCG can be viewed as a statement
about how a pair of categories can be combined. For the sake of this
discussion, let us name the members of the pair according to their role in

the rule:

The first of the pair in forward rules and the second of the pair in
backward rules will be named the primary category. The second of the
pair in forward rules and the first of the pair in backward rules will be
named the secondary category.

As a result of the form that combinatory rules can take in a CCG, they
have the following property. When a combinatory rule is used, there is a
bound on the number of immediate components that the secondary cate-
gories of that rule may have. Thus, because immediate constituents must
belong to D¢(G) (a finite set), there is a bound on the number of categories
that can fill the role of secondary categories in the use of a combinatory
rule. Thus, there is a bound on the number of instantiations of the variables
y and z; in the combinatory rules in section 5.1. The only variable that can
be instantiated to an unbounded number of categories is x. Thus, by
enumerating each of the finite number of variable bindings for y and each
z;, the number of combinatory rules in R (while remaining finite) can be
increased in such a way that only x is needed. Notice that x will appear
only once on each side of the rules (in other words, they are linear).

We are now in a position to describe how to represent each of the
combinatory rules by a production in the LIGs, G'. In the combinatory
rules, categories can be viewed as stacks since symbols need only be added
and removed from the right. The secondary category of each rule will be a
ground category: either A or (Al ¢, .. .|,c,), for some n > 1. These can be
represented in an LIG as A[ ] and Al|,¢,|,...|.c,] respectively. The pri-
mary category in a combinatory rule will be unspecified except for the
identity of its leftmost and rightmost immediate components. If its leftmost
component is a nonterminal, A, and its rightmost component is a member
of D.(G), ¢, this can be represented in an LIG by A[..c].

In addition to mapping combinatory rules onto productions, we must
include productions in G’ for the mappings from lexical items:

If A € f(a), where a € V; U {€}, then A[ ] >a€P.
If (Alyc,]; .. .]acs) € fa), where a € VU {€}, then
Allyeyly.. . |ycal > a€P.

We now illustrate this construction by giving an LIG from a CCG that
generates the language

{u"b"c"d”|n 2 0}
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exaMPLE 9 Let a CCG be defined as follows, where we have omitted}

unnecessary parentheses:
A€ fla) B € f(b)
S/S, €fle) S, €fle)

The following combinatory rules are permitted:

Cef) Defd
5,\A/D/S,\B/C € f(e)

. Forward application involving x/y and y either when x begins with]
S, and y is C, or when x begins with 5 and y is S, or D. :
. Backward application involving y and x\y when x begins with S and;
yis AorB. 1
. Forward composition involving x/y and y\z,/z;/z3\z4 when z§
begins with Sand y is 5,.

The productions of the LIG that would be constructed from this CCG are
as follows. The first seven rules result from the definition of f. (In the]
notation for stacks below, the top of the stack appears to the right. In1
section 4, in the notation for stacks, the top of the stack appears to the left.]
We have changed the notation from section 4 for convenience because thef
“top” of a category in CCGs is on the right also.) ]

Al ]l>a B[ 1—-b Cl]-c D[ ]1—d
S 1—>e  SDNA/D/IS\B/Cloe  S[.1-51../CICL]
S/S)—e  SL..1-SL./S)S[1  S[..]>S[../DIDL]

S[..]— Al 1S[..\NAl  S[..]—> B[ 1S[..\B|
SLLAX, /X /X3\Xs] = S[../5,18, [\X, /X3 /X3\X,]
for all X,, ..., X, € Vy.

5.2.2 TALs = CCLs We will just give the main idea of the construction §
of a CCG, G', from a TAG, G, such that G and G’ are equivalent. It is{
important to appreciate that the order in which categories are combined is
crucial in a CCG derivation, since the same categories combined in different
orders give different strings. :

Each of the auxiliary trees will result in certain assignments of categoriesd
by fto a terminal or the empty string. Each occurrence of adjunction will bej
mimicked by the use of a combinatory rule. ]

Adjunction into nodes to the right (left) of the foot node (which corre-}
sponds to concatenation) will be simulated by backward (forward) applica-
tion. Adjunction into nodes dominating the foot node of a tree (which!
corresponds to wrapping) will be simulated in the CCG by composition. It
is necessary to ensure that the subsidiary category in every occurrence of ]
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S/alp S/a/B
S/alA A/B A/p S/a\A
w a a w

Figure 2.4
Context of composition

composition has just been introduced into the derivation by an assignment
of f (see figure 2.4). This will correspond to the adjunction of an auxiliary
tree that has not had any trees adjoined into it. It can be shown that
composition is guaranteed only in this context.

Forward and backward application are restricted to cases where the
secondary category is some X?, and the left immediate component of
the primary category is some Y*.

Forward and backward composition are restricted to cases where the
secondary category has the form ((X|y¢,)l,¢c,), or (X|,¢,), and the
left immediate component of the primary category is some Ye.

An effect of the restrictions on the use of combinatory rules is that the only
categories that can fill the secondary role during composition are cate-
gories assigned to terminals by f. Notice that the combinatory rules of G’
depend only on the terminal and nonterminal alphabet of the TAG and are
independent of the elementary trees.

The construction depends on a particular normal form for TAGs. We
will omit all the details here. The tree in figure 2.5 is encoded by the
category

A\AS/AS/AS\AS.

ExAMPLE 10 Figure 2.6 shows an example of a TAG for the language
L, = {a"b"|n > 0} with crossing dependencies.

We give the CCG that would be produced according to this construc-
tion,

SN\S8/55 € fle)  S\SP/S5 € fle)
S8/5°/S5 € fle)  S5/5¢/55 € fle)
S1\A € fle) Si\A € f(e)
S§/B € fe) S$/B € f(e)
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Figure 2.5
Tree encoding A\A;/AS/AS\AS

S NA

S OA /\
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NA

b
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e | |
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51 NA /53\
a S, Na Sy NA
Figure 2.6
TAG for L,

S, NA
|
S OA
|
S; ©OA
|
S, Na
S Na
/N
€ S NA
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A€ fla) Be f(b)
SN\S, € fle) 5SS € f(e)
S € fle)

The CCGs produced according to the construction given here have the
property that parentheses are redundant. It can be shown in general that
the use of parentheses in CCGs does not increase the generative power
of the formalism. Parenthesis-free CGs differ from CCGs (Friedman, Dai,
and Wang 1986; Friedman and Venkatesan 1986). It can be shown that
parenthesis-free CGs generate languages not generable by CCGs (Weir
1988).

For further details of this construction and a discussion of derivation
trees, see Weir 1988.

6 Linear Context-Free Rewriting Systems

So far we have discussed a number of formalisms and shown equivalences
among them. All these systems share certain properties that make them
members of the so-called mildly context-sensitive grammar formalisms. All
these systems involve some type of context-free rewriting. Vijay-Shanker,
Weir, and Joshi (1987) and Weir (1988) have described a system, called
linear context-free rewriting system (LCFRS), that attempts to capture the
common properties shared by these formalisms.

6.1 Generalized Context-Free Grammars
We define generalized context-free grammars (GCFGs), first discussed, though
with a somewhat different notation, by Pollard (1984).

DEFINITION 2 A GCFG, G, is written as G = (V, S, F, P), where

V is a finite set of variables,

Sis a distinguished member of V,

Fis a finite set of function symbols, and
P is a finite set of productions of the form

A-flAy, ..., A)
wheren >0, feF and A A, ..., A,eV.

The set of terms (trees), T(G), derived from a GCFG, G, is the set of all
tsuch that S =:;> t, where the derives relation is defined as follows.

cA=f() if A— f( ) is a production.

. A%f(tl, L B)ifEA> f(A,, ..., A,) is a production, andAi=:;>t,- for
I1<i<n
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Notice that in GCFGs, rewriting choices during the derivation are in-
dependent of context. GCFG will generate a set of trees that can be
interpreted as derivation trees in various grammar formalisms. Based on
GCFG, we can now define a formalism called linear context-free rewriting
systems (LCFRSs), which captures the common properties shared by the
formalisms discussed earlier. By giving an interpretation for each of the
functions in F, each term (tree) in T(G) can be seen as encoding the
derivation of some derived structure. It can be shown that CFGs, HGs,
TAGs, and MCTAGs are example of LCFRSs.?

In each of the LCFRSs that we have given, the functions (combining
strings, trees, or sequences of strings and trees) share certain constrained
properties. It is difficult to completely characterize the entire class of such
functions that will be so constrained because we are considering formalisms
with arbitrary structures. Instead, we will give two restrictions on the
functions. We would like these restrictions to ensure that the functions do
not “copy,” “erase,” or “restructure” unbounded components of their argu-
ments. The result of composing any two structures should be a structure
whose “size” is the sum of its constituents plus some constant. Every
intermediate structure that a grammar derives contributes some terminals
to the string that is yielded by the structure that is finally derived. How-
ever, the symbols in the yield of an intermediate structure do not nec-
essarily form a continuous substring of the final string. In general, though,
we can write the yield of an intermediate structure as a finite sequence of
substrings of the final string. The composition operations are “size” pre-
serving. Thus, with respect to the yield of the structures being manipulated,
the composition operations do no more than reorder their arguments and
insert a bounded number of additional terminals. It can be shown that
LCFRSs are semilinear (and hence obey the constant growth property) and
are parsable in polynomial time. (For further details, see Vijay-Shanker,
Weir, and Joshi 1987 and Weir 1988.) Weir (1988) has also shown that
languages generated by MCTAGs are equal to the languages generated by
LCFRSs.

Kasami, Seki, and Fujii (1988) have studied a system called multiple
context-free grammars, which is the same as LCFRSs. They have obtained
some additional properties of the classes of languages generated by their
system; in particular, they have shown that the “nonerasing” property does
not change the power.

7 Feature-Structure-Based Tree-Adjoining Grammars and Restricted
Feature-Structure-Based Tree-Adjoining Grammars

In this section we briefly present feature-structure-based TAGs (FTAGs),
where adjunction becomes function application and unification, and re-
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stricted FTAGs (RFTAGs), where the feature structures associated with each
node in an elementary tree are bounded.

7.1 FTAGs
The linguistic theory underlying TAGs is centered around the factorization
of recursion and localization of dependencies into the elementary trees. The
“dependent” items usually belong to the same elementary tree.® Thus, for
example, the predicate and its arguments will be in the same tree, as will
the filler and the gap. Our main goal in embedding TAGs in a unificational
framework is to capture this localization of dependencies. Therefore, we
would like to associate feature structures with the elementary trees (rather
than breaking these trees into a CFG-like rule-based system and then using
some mechanism to ensure that only the trees produced by the TAG itself
are generated).4 In the feature structures associated with the elementary
trees, we can state the constraints among the dependent nodes directly.
Hence, in an initial tree corresponding to a simple sentence, we can state
that the main verb and the subject NP (which are part of the same initial
tree) share the agreement feature.

In unification grammars, a feature structure is associated with a node in
a derivation tree in order to describe that node and its relation to features
of other nodes in the derivation tree. In a TAG, any node in an elementary
tree is related to the other nodes in that tree in two ways. Feature struc-
tures written in FTAG using the standard matrix notation, describing a
node, 7, can be made on the basis of

1. The relation of 7 to its supertree (that is, the view of the node from
the top). Let us call this feature structure #,.

2. The relation of # to its descendents (that is, the view from below).
This feature structure is called b,.

Note that both the #, and b, feature structures are associated with the node
1. In a derivation tree of a CFG-based unification system we associate one
feature structure with a node (the unification of these two structures) since
both the statements, + and b, together hold for the node, and no further
nodes are introduced between the node’s supertree and subtree. This prop-
erty is not true in a TAG. On adjunction, at a node there is no longer a
single node; rather, an auxiliary tree replaces the node. We believe that this
approach of associating two statements with a node in the auxiliary tree is
consistent with the spirit of TAGs. A node with OA constraints cannot be
viewed as a single node and must be considered as something that has to
be replaced by an auxiliary tree. £, and b, place restrictions on the auxiliary
tree that must be adjoined at 5. Note that if the node does not have an OA
constraint, then we should expect #, and b, to be compatible (that is,
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Figure 2.7
Feature structures and adjunction

unifiable). For example, in the final sentential tree, this node will be viewed 1
as a single entity. ‘ ]

Thus, in general, with every internal node, #, at which adjunction can |
take place, we associate two structures, £, and b,. With each terminal node, }
we associate only one structure.’

Let us now consider the case when adjunction takes place as shown in
figure 2.7. The notation we use is to write the t and b statements alongside |
each node, with the # statement written above the b statement. Let us say ]
that #,001, Broor a0 Ffo0rs U0 are the £ and b statements of the root and foot
nodes of the auxiliary tree used for adjunction at the node 7. Based on what §
t and b stand for, it is obvious that on adjunction the statements #, and £, !
hold of the node corresponding to the root of the auxiliary tree. Similarly, 3
the statements b, and b,,, hold of the node corresponding to the foot of
the auxiliary tree. Thus, on adjunction, we unify #, with f,,,, and b, with
b 70~ In fact, this adjunction is permissible only if £, and #, are compatible
and b;,,, and b, are compatible as well. At the end of a derivation, the tree §
generated must not have any nodes with OA constraints. We check that ;
by unifying the f and b feature structures of every node. More details of the }
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definition of FTAG may be found in Vijay-Shanker 1987, Vijay-Shanker
and Joshi 1988, and Joshi and Vijay-Shanker, to appear.

7.2 Restricted FTAGs

FTAGs as defined above are not constrained, just as CFG-based unification
grammars are not constrained. However, if the feature structures associated
with each node of an elementary tree are bounded, then RFTAGs can be
shown to be equivalent to TAGs (Vijay-Shanker 1987). This restriction is
the same as in GPSG; however, because of the larger domain of locality of
TAGs and the operation of adjunction, RFTAGs are more powerful than
GPSGs.

8 Lexicalized Tree-Adjoining Grammar

We call a grammar lexicalized if it consists of (1) a finite set of structures
associated with each lexical item, which is intended to be the “head” of
these structures, and (2) an operation or operations for composing these
structures. The finite set of structures define the domain of locality over
which constraints are specified, and these are local with respect to their
“heads.” It can be shown that, in general, a CFG cannot be lexicalized. Even
if a CFG can be lexicalized, it is not always the case that we can guarantee
that the lexical item associated with a structure is the linguistically ap-
propriate “head.” Both these results hold even if the domain of locality is
extended to trees. This is so because the only operation available in CFG
is substitution. If, however, we add adjunction as an operation, along with
substitution, then we can appropriately lexicalize a CFG (see Schabes,
Abeille, and Joshi 1988 for further details about lexicalized grammars, in
particular, lexicalized TAGs (LTAGS)).

TAGs are “naturally” lexicalized because of their extended domain of
locality and the operation of adjunction. In an LTAG we allow substitution
in addition to adjunction. Adjunction can simulate substitution; however, in
an LTAG we allow substitutions explicitly. The definitions of elementary
trees are as before except that at the frontiers we can have nodes that are
substitution nodes, in the sense that we have to substitute elementary or
derived structures at the substitution nodes. Adjunction is defined as be-
fore. In the following example, the substitution nodes are marked by |.

boy: NP who: COMP
DET | N who
boy
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the: DET young: N
/N
the AD] N
yoing
saw: S S
/\ /\
NP | VP NP | %%
N
1% NP | 1% S
| |
saw saw
S
/\
cCOMP | S

N

NP | VP
YN
1% NP
I
saw e

It can be shown that LTAGs are equivalent to TAGs. An Earley-type
parser has been described in Schabes and Joshi 1988. For further details
about LTAGs, see Schabes, Abeille, and Joshi 1988.

9 Tree-Adjoining Grammars— Local Dominance and Linear Precedence

9.1 TAG (LD/LP)
The extended domain of locality of TAGs has implications for how domi-

nation and precedence can be factored. We will now take the elementary
trees of TAG as elementary structures (initial and auxiliary) specifying only
domination structures over which linear precedences (LPs) can be defined.
In fact, from now on we will define an elementary structure (ES) as consisting
of the domination structure plus a set of linear precedences. Thus, « below is the
domination structure of an ES.
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vV 21 NP 22

The addresses for nodes serve to identify the nodes. They are not to be
taken as defining the tree ordering. They are just labels for the nodes.
Let LP{ be a set of linear precedence statements associated with «,

1
LP} = <2 ,
21<22

where x < y (x precedes y) if x and y are nondominating nodes (that is, x
does not dominate y and y does not dominate x) and if x dominates z, and
y dominates z,, then z, < z,.

Note that LP} corresponds exactly to the standard tree ordering. Given
LPZ, (8) is the only terminal string that is possible with the ES («, LP),
where a is the domination structure and LP} is the linear precedence
statement:

(8) NP, V NP,.
Suppose that instead of LP}, we have
Lps = [ 1< 2.1].
21 <22
First note that in 1 < 2.1, 2.1 is not a sister of 1. We can define
precedences between nonsisters because the precedences are defined over
o, the domain of locality.
. Once again, the only terminal string that is possible with the ES («, LP3)
is
(9) NP, V NP,

but there is an important difference between («, LP?) and (x, LP%) that will
be?ome clear when we examine what happens when an auxiliary tree is
adjoined to a. Before we discuss this point, let us consider

=g,

fh.at is, the case where there are no precedence constraints. In this case we
will get all six possible orderings:

NP, V NP,, NP, NP, V, V NP, NP,, NP, V NP,, V NP, NP,,
NP, NP, V.
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Let us return to (o, LP%) and (o, LP3). As we have seen, both ESs give the
same terminal string. Now let us consider an ES that is an auxiliary struc-
ture f§ (analogous to an auxiliary tree) with an associated LP, LP?:

LPf =[1 < 2].
We have

g = VP O
Vi VP 2

When B is adjoined to « at the VP node in a, we have

LPP =1 < 2]

vV, 221 NP, 222

We have put indices on NP and V for easy identification. NPy, V;, NP,
belong to a and V, belongs to B. If we have LP; associated with « and LP#
with B, after adjunction the LPs are updated in the obvious manner:

1<2
Lp: = .
! [2.2.1 < z.z.z]

LPf =[21<22]

The resulting LP for y is
LP? = LP; U LP*

1<2

= 21<22
221<222

Thus, y with LP? gives the terminal string
(10) NP, V, V; NP,.

If we associate LP%, rather than LP?, with o, then after adjoining f§ to « as
before, the updated LPs are

1<21
Lp; = .
2 [2.2.1 < 2.2.2]
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LP! =[21<22]
The resulting LP for y is
LP* = LP; U LP?
I1<221

= 21<22
221<222

Thus, (y, LP?) gives the terminal strings
(11) NP, V, V, NP,

and
(12) V, NP, V| NP,.

(11) is the same as (10), but in (12) NP, has “moved” past V,. If we adjoin
B once more to y at the node VP at 2, then with LP§ associated with «, we
will get

(13) NP, V3V, V| NP,,
and with LP§ associated with «, we will get
(14) NP, V4V, V| NP,,
(15) V, NP, V, V, NP,
and
(16) V3V, NP, V| NP,.
Let us consider another LP for «, say LP§:
LP; =1 < 2.1).
Then we have the following terminal strings for o (among others):
(17) NP, V, NP,,
(18) NP, NP, V.

It can easily be seen that given LP§ associated with « and LP? associated
with B as before, after two adjunctions with f,, we will get

) NP, V3V, V; NP,
) NP, V4, V, NP, V,,
1) NP, V; NP, V, V,,
) NP,NP,V, V, Vi,
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and, of course, several others. In (20), (21), and (22), NP,, the complement
of V; in &, has “moved” past V,, V,, and V; respectively.

The ESs with their domination structure and the LP statements factor the
constituency (domination) relationships from the linear order. The complex
patterns arise due to the nature of the LP and the operation of adjunction.
The main point here is that both the constituency relationships (including
the filler-gap relationship) and the linear precedence relationship are defined
on the ESs. Adjunction preserves these relationships. We have already seen in
section 2 how the constituency relationships are preserved by adjunction.
Now we have seen how the linear precedence relationships are preserved
by adjunction. Thus, we have a uniform treatment of these two kinds of
dependencies; however, the crucial difference between them clearly shows
up in our framework. Joshi (1987b) has shown how this type of TAG can
be used to account for several word order variations in Finnish, first
described by Karttunen (1986).

The idea of factoring constituency (domination) relationships and linear
order is basically similar to the immediate domination/linear precedence
(ID/LP) format of GPSG. However, there are important differences: the
domain of locality is the ES (and not the rewrite rules or local trees), and
we have defined the LP for each ES. Of course, a compact description of LP
over a set of ESs can easily be defined; but when it is compiled out, it will
be in the form we have given here. We will call a TAG in which the (local)
domination (LD) relationships and linear precedence (LP) relationships are
factored out, a TAG in the LD/LP representation, or a TAG(LD/LP).

In order to give further insight into the degree of word order variation
possible in TAG(LD/LP), we will give an example.

Let G = (I, A) be a TAG (LD/LP) where

I a = S 0
Lm=[1<11
/////\\\\\ 21<22

b 21 c 22

A: =
B 50 pro| T2l
/////\\\\\ 21<23
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If G were a regular TAG (that is, if « and B were trees), then clearly the
language generated by G, L(G), is (as we have shown in section 2)

L(G) = {a"b"c"|n > 1}.

However, G is a TAG(LD/LP). It is clear that the only string that corre-
sponds to « is

abc.

If we adjoin § to « at the node 2 in a, we get

y = S0
a, 1 S 2
a, 2.1 S 22

b, 221 S 222 c, 223

/\

b, 2221 ¢, 2222

(We have indexed a’s, b’s, and ¢’s for convenience.) The updated LP* and
LP? are

1 <2221
LpP* = ,
2221<2222
21 <221
LP? = .
221 <223
Hence,
LP? = LP* U LP*#
1 <2221
2.221<2222

21<221
221<223

Thus, some of the possible strings corresponding to y are
(23) aya,b, b c;c,,
(24) ayabyb,cycy,
(25) aya;bybyccy,
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(26) aya,b,b,c5¢4,
(27) aybycia,bc,,
(28) a,byc,a,bcy,
(29) ayabyc,byc,.

There are 20 strings in all. Each string contains 2 a’s, 2 b’s, and 2 ¢'s. The
corresponding a’s, b’s, and ¢’s appear in the order 4, b, c. This example
shows that the elements of an auxiliary structure can “scatter” in a fairly
complex manner over the elements of the ES to which it is adjoined, the
complexity arising out of the specifications for LP and the adjunction
operation itself.

If in the TAG(LD/LP) above both LP* and LP? are empty (that is, there
are no LP statements), then the language generated by G is the so-called
MIX language (or Bach language), which consists of strings of equal num-
bers of a’s, b’s, and ¢’s in any order. MIX can be regarded as the extreme
case of free word order. It is not known yet whether TAG, HG, CCG, and
LIG can generate MIX. This has turned out to be a very difficult problem.
In fact, it is not even known whether an IG can generate MIX.

9.2 Languages of TAG(LD/LP)

It is clear that the languages of standard TAG (that is, when the elementary
structures are trees with the standard tree ordering) are contained in the
class of languages of TAG(LD/LP). Whether the containment is proper or
not is not known at present. Languages of TAG(LD/LP) continue to satisfy
the constant growth property, hence cannot generate languages of the
form L = {a"|n > 1}, L = {a*"|n > 1}, and so on.

Notes

1. Note that f can assign categories to the empty string, €, though, to our knowledge, this
feature has not been employed in the linguistic applications of CCG.

2. Weir (1988) has examined derivation trees associated with CCGs. Although the deriva-
tion trees traditionally associated with CCGs differ from those of LCFRSs, this does not
preclude the possibility that there may be an alternative way of representing derivations.
Weir (1988) gives a normal form for CCGs that allows them to be classified as LCFRSs.

3. It is sometimes possible for “dependent” items to belong to an elementary tree and the
auxiliary tree that is immediately adjoined in it.

4. Such a scheme would be an alternative way of embedding TAGs in a unificational
framework. However, it does not capture the linguistic intuitions underlying TAGs, and
it loses the attractive feature of localizing dependencies.

5. It is possible to allow adjunctions at nodes corresponding to prelexical items. For
example, we may wish to obtain verb clusters by adjunctions at nodes that are labeled
as verbs. In such a case we will have to associate two feature structures with prelexical
nodes as well.
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ternative stemming from Lambek’s work in the late 1950’s (see Oehrle, this cial experiment that will eliminate all but one of them. However, this tactic
volume). does not seem to be applicable to these proliferating syntactic theories. For
The separation between combinatory and type-logical approaches has reene thing, in some respects they are all rather similar. Sometimes the similari-
mained fairly sharp since these early developments. On the one hand, Combities are disguised by the level of detail at which the grammar is presented—for
natory Categorial Grammar (CCG) of the kind presented in this chapter has re-example, Tree-Adjoining Grammar (TAG, Joshi 1988) and CCG can be re-
tained an active concern with keeping expressive power to the “mildly context garded as precompiling into lexical categories some of the feature-unification
5.1 Introduction sensitive” level identified by Joshi and his students (Joshi, Vijay-Shanker andthat goes on during derivations in Lexical-Functional Grammar (LFG, Bres-
Weir 1991), and has been actively involved with issues of linguistic explanation nan 1982), Head-driven Phrase Structure Grammar (HPSG, Pollard and Sag
Categorial Grammar (CG, Ajdukiewicz 1935; Bar-Hillel 1953) is one of the and practical computational linguistics, including wide-coverage parsing us- 1994) and other attribute-value grammars. Nevertheless, (thanks to Reinhart
oldest lexicalized grammar formalisms, in which all grammatical expressions ing statistical models. On the other hand, the Lambek tradition of type-logical and Reuland 1991, 1993 and Pollard and Sag 1992, 1994, who clarified the
are distinguished by a syntactic type identifying them as either a function from grammars has been more concerned with theoretical issues and relations tdescriptive account considerably), all of the theories under discussion includ-
arguments of one type to results of another, or as an argument. Such types, dogic, theorem proving, and complexity. ing CCG and at least some varieties of Government-Binding or Principles and
categoriesare closely related to to the semantic type of the linguistic expres-  This chapter presents a formulation of CCG that goes some way toward rec-Parameters grammar (GB) have essentially the same binding theory, with a
sion itself, differing mainly in the inclusion of information about language- onciling this difference. While we retain the combinatory apparatus and low lexically defined domain of locality corresponding to the tensed clause, and a
specific linear order. expressive power, we also incorporate the multi-modal approach developedccommand or scope relation defined at some level representing predicate argu-
The earliest forms of CG were immediately recognized as being context- for type-logical grammar as the sole means of constraining derivation in CCG. ment structure, such as logical form. The mechanisms involved, even when
free and weakly equivalent to context-free phrase-structure grammars (CFPSGThis move allows the rules of the system to be stratified and selectively used incouched in terms of transformations like “NP movement,” seem to be of rather
Bar-Hillel, Gaifman and Shamir 1964). More or less contemporaneously with |exically specified contexts, thereby removing the need for the category-basedow expressive power—essentially context-free (CF) and “base generable,” to
their development by Bar-Hillel, Lambek (1958) cast CG as a logical calculus, restrictions on combinatory rules used for this purpose in previous formula- use Brame’s (1978) term. Many phenomena involving dependencies bounded
which was also widely (and correctly) assumed to be context-free, althoughtions of CCG. by the tensed verbal domain, such as raising, control, passivization, reflexiviza-
the actual proof—due to Pentus (1993)—was much harder to discover. We begin by motivating CCG in terms of the current state of linguistic theory tion, and the like, have this character. While some deep problems remain—in
The early evidence of weak equivalence to CFPSG led to a partial eclipseand then outline the modalized version of the formalism. CCG is then applied particular, the question of what the primitive components of linguistic cate-
of CG in the 1960's. However, syntactician’s interest in CG began to revive to the bounded constructions (binding, reflexivization, heavy NP shift, dative gories themselves are—the theories are all in formal terms pretty much alike
in the late 1970's and early 1980’s. One reason for revived interest came fromshift, raising, object and subject control, and passive). Next, we give anal-in their analysis of these constructions.
contemporary developments in formalizing a type-driven semantics for natural yses for the unbounded constructions (including extraction, scrambling, and Itis really only when we consider the unbounded dependencies that cross the
language in the work of Richard Montague (1974) and his followers (see Parteecoordination) in a number of languages, including English, Dutch, Japanese bounds of the tensed clause in constructions such as the relative clause, vari-
1976), which made the syntactic/semantic type-transparency of CG attractive Turkish, and Irish Gaelic. Finally, we briefly consider intonation structure and ous kinds of “reduced” or “gapped” coordinate structures, and other “stylistic”
Another reason was the realization that transformational generative grammagparentheticalization in English and end with some remarks on implications for constructions, that the theories differ in important ways. However, in most

Mark Steedman and Jason Baldridge

was overly expressive (Peters and Ritchie 1973), leading to a search for morehe theory of performance. cases, the apparatus that is added to the CF core is sufficiently powerful and
minimal extensions of context free core grammars of various kinds (cf. Gazdar expressive that it is impossible to falsify or to distinguish any of the alternatives
1981), including CG. 5.2 The Crisis in Syntactic Theory on grounds of expressive powekVh-movement” or equivalent coindexing of
The first extensions to CG were “combinatory” in nature, extending the core traces in GB, “functional uncertainty” or the ability to define dependencies in
CG with functional operations on adjacent categories, such as “wrap” (Bach The continuing need for volumes like the present one raises an obvious questerms of paths defined as regular expressions in LFG, set-valued “SLASH fea-
1979; Dowty 1979) and functional composition (Ades and Steedman 1982).tion: why are there so many theories of grammar around these 'détyis? tures” in HPSG, certain classes of structural rules in Type Logical Grammar

These developments in turn led to a revived interest in the type-logical al- usual in science to react to the existence of multiple theories by devising a cru-(TLG, Oehrle, this volume), are all examples of powerful mechanisms of this
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kind. It is a measure of their expressive power that they have to be attendedsuggested that SLASH features should be stacks. 5.3 The Problem of Natural Language Grammar

by seemingly arbitrary constraints on their operation which are strikingly sim- (1) a. aviolin which this sonatg]is hard to playupon

ilar to one or another of the constraints that limited classical transformational b. *a sonata whichithis violin]; is hard to playupon In artificial languages like arithmetic, logic, and LISP, grammar is almost triv-

rules, such as the Coordinate Structure Constraint (Ross 1967) and the Fixed ial. Syntax is essentially context-free. The only important exception is vari-

Subject Condition or “thattrace” filter, first identified by Bresnan (1972). The two dependencies in (12) must nest, rather than intercalate, as they WOUIqlble binding (Floyd 1962), which motivated the introduction of the indexed
Constraints on rules are not necessarily in themselves a sign of anything"@e to for (1b) to have a meaning to do with playing sonatas on violins (the |4qyages to the Chomsky hierarchy (Aho 1968, 1969 and see Gazdar 1988),

wrong with a theory of grammar. They can arise from all kinds of extragram- 2Sterisk here means “not allowed with the intended reading”). a level or series of levels more expressive than context-free grammars, but less

matical sources, such as the requirements of semantics, the parser, or the lan- HOWeVer, the tendency to nest multiple dependencies is by no means uni-, ;ressive than context-sensitive ones. Rules and constituents of syntax and

guage learner. (Island constraints like the Complex Noun Phrase Constraint of/€rsal- In certain Dutch constructions, multiple dependencies obligatorily in- semantics are essentially related one-to-one in these artificial languages. What

Ross 1967 provide an example of a group of constraints that should probablytercalate (Huybregts 1976, 1984; Shieber 1985), as in the following ex@mple: e ambiguity they permit is strictly local (usually resolved by the adjacent

be explained in terms of probabilistically or semantically guided parsing rather (2) ...omdat ik CeciliaHenk de nijlpaarden zag helpen voeren. symbol).

than in terms of grammar as such.) ... because| CeciliaHenk the hippopotamuses saw help feed The fact that we might reasopnably expect natural grammars to be the same
However, when a constraint is observed to hold cross-linguistically, as in 1 | ‘ ‘ is enshrined in “The Constituent Condition on Rules,” a principle which has

the case of certain restrictions discussed below which relate coordinate con- always constituted a primary assumption of every linguistic theory:

structions to primary word-order, that fact calls tameind of explanation. ‘... because | saw Ceciliahelp Henk feed the hippopotamuses.’ (3) The inputs and outputs of all rules of syntax should be constituents.

One way to provide that explanation is to show that the constraints stem from
limitations in automata-theoretic power of the grammar itself. A theory that is
incapable in the first place of expressing grammars for languages that violat:
the condition provides a very convincing explanation for why they hold. Such
a theory of grammar may also bring beneficial complexity and learnability re-
sults (although such theoretical results do not necessarily tell us much abou
the actual difficulty of practical processing and language learning for realistic
grammars).

GPSG itself does not seem to have been particularly amenable to any resince constituents are merely the units to which the grammar assigns mean-
Stricted kind of generalization (although such a generalization is implicit in ing, this amounts to saying that rules of grammar should have a compositional
Pollard 1984 and Gazdar 1988), and constraining automata-theoretic powekemantics.
ceased to be a major focus of concern during its evolution into HPSG. How-  On this view, it is important to know what it is legitimate to regard as a
gver, a number of other formalisms, including TAG and CCG, continued to constituent. Traditional linguistic tests for constituency are equivocal on this
explore the possibility of capturing human grammars using low-power for- point. Chomsky (1955/1975, p.210-211) offers the following criteria:
malisms. In particular, Ades and Steedman (1982, 522) suggested that the . .
. N . (4) a. The rule for conjunction
. . . ... samestack might be implicated both in the push-down automaton (PDA) char- ) ) )

The project of explaining constraints on observed grammars as arising in . . L . b. Intrusion of parenthetical expressions
art from arammar formalisms of low expressive power was the impulse be acteristic of context-free grammar and in mediating multiple unbounded de- c. Ability o enter into transformations
p' g . P P P {fendencies. Vijay-Shanker and Weir (1990, 1993, 1994) subsequently showed ' y j .
hind Generalized Phrase Structure Grammar (GPSG, Gazdar 1981; Gazdar j ) . d. Certain intonational features

. . . o ) that all three formalisms were weakly equivalent to Linear Indexed Grammar,

etal. 1985), which tried to capture as much as possible within a strictly context- ) . ) )
free formalism. While it was clear from the start that phenomena existed that and delineated a new level in the Chomsky Hierarchy characterized by a gen i iti
were unlikel tc.) be capturable in this way, the effects Ef seeing just how man eralization of the PDA, called an Extended Push Down Automaton (EPDAY), conlorm o e constfuent condltlo.n. i ithi i
L y o P y,. 9] . ywhich utilized a single stack of stack-valued features. Subsequent explorations There has been some success in keeping rules within the constituent con-
linguistic generalizationsouldbe captured in context-free terms, supporting a

fully compositional semantics, was extremely salutory. Most of all, it focused with the TAG and CCG frameworks suggest that this level may be the lowest diton wih e bour']ded COﬂStrUCthl.'lS and thevnovement 'fam”y' o un-'
y p ) y Y. ) at which all syntactic phenomena of natural grammar can be captured. bounded constructions under heading (c). Such constructions (in English at

The implication is that rules designed to capture these phenomena should all

attention on multiple long range dependencies, since these required general- least) generally concern relations between quite uncontroversial constituent
ization of the mediating SLASH feature to be either a stack- or set- valued types, such as NPs, PPs and verbs. It has been much harder to adhere strictly to
feature. In particular the fact that multiple dependencies in English show a the constituent condition in analyses of the remaining three phenomena, which

tendency to nest rather than cross, as evidenced by the following minimal pair, appear to involve relations between fragmentary entities of various kinds that
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do not correspond straightforwardly to any traditional type of constituent.

For example, at first glance coordination looks very akimtemovement,
as Gazdar (1981) pointed out. Thus, “right node raising” is unbourwtetdra
Ross 1967):

(5) a. a book which hope | will write, andl fear that most people will burn
without reading
b. I hope | will write, andl fear that most people will burn without reading
my book about the Theory of Everything.

Itis also subject to similar, though not identical, “island conditions:”

(6) a. *How many mathematicians do you think in ten derive a lemma?
b. *Three mathematicians in ten derive a lemma and in a hundred prove
completeness.

However, the residues of coordination in general are much more diverse than

those ofwh-movement:

(7) a. | want to try to write, andope to see publisheé book about the
Theory of Everything.
b. Give Walt the salt, analcolm the talcum
c. | want to try to write a novel, angou, a screenplay

All of these constructions appear (at least at first glance) to violate the con-
stituent condition on rules.
The reaction of the early transformational grammarians, including Chom-

sky (1957) and Ross (1967), was to regard such conjunctions as as arising

from underlying or “deep structural” coordination of sentential constituents of
typeS, followed by processes of “deletion under coordination,” delivering sur-

face form. While this expedient restored the constituent condition on rules as'© P€ in some sense semantically interpretable.
far as the inputs to rules of coordination were concerned, and ensured inter-

pretatibility at the underlying level of representation, the outputs of deletion

processes remained in violation of the constituent condition. Such rules werel@tter as stemming from the same grammatical processes (of deletion, move

also of a disconcertingly arbitrary and unmaotivated character. While they gen-

erated intense interest in early transformational studies, they proved extremelyP0rating an explicit level of Intonation Structure into a then-standard GB/P&P
resistant to explanatory formal analysis, and in fact coordination has receivedM0de! of generative grammar, as shown in Figure 5.3 (adapted from Selkirk

comparatively little attention in transformational studies since the mid#70s.

Although there is much less work on parentheticals (but see Emonds 1979

8 Chapter 5 Combinatory Categorial GrammgDraft 4.0, August 10, 2003)

and Taglicht 1998), the intrusion of parentheticals seem to isolate similar non-
constituent fragments:

Lexicon

D-Structure

(8) a. “Are you now or have you ever betlemanded Harriet, “a member of
the American Automobile Association?”

b. “You could givg soliloquized Harvey, “a policeman a flower.” S-Structure

They also obey similar restrictions to coordinates:

a) Pred.-arg. Structure

| Phonetic Forr* )
- b) Information Structure

(9) *Three mathematicians, | conjecture, in ten derive a lemma.

Intonational phrases (for example, as defined by “continuation rises” here
marked informally by right parentheses) can correspond to non-constituents ntonation
(small caps indicate nuclear stress):

(10) a. (The absent mindekoFEssoRwas avidlyREADING)(about the lat- Figure 5.1 _
Architecture of a GB/P&P Generative Grammar
estBIOGRAPHY)(of MarcelPROUST).

b. (MarcelPROVED) (COMPLETENESS. ) ) . . ) o
pects. The existence of a Sense Unit Condition on intonational phrases implies

Phonological processes like American English flapping and the Rhythm Rule that they are syntactic in nature, for what is a theory of syntax if not a theory of
are sensitive to such intonational constituency. (In both (10a) and (10b), thesense units? Selkirk (1984) calls them “honorary constituents of the syntax,”
Rhythm Rule operates to move lexical stress from its normal position on the and offers a definition in terms of headedness. In later work (Selkirk 1986,
second syllable oMarcel to the first syllable, under the influence of the pitch 1990), this condition is defined in “end-based” structural terms.

accents OPROUSTANdPROVED) However, this means that the theory now has two parallel “tiers” of structure

Intonational phrase boundaries obey similar restrictions to coordination, par'mediating between sound and meaning. Since such structural levels are what
entheticalization, and other "stylistic” constructions: we call syntax, the grammar in effect has two orthogonal syntaxes. Moreover,
since it deals with coordination and parentheticalization, phonological form
(PF) also does significant strictly syntactic work in GB (Chomsky 1986 calls
PF “Surface Structure”), and hence duplicates much of the work of Intonation
Structure.

It would be in keeping with other contemporary developments to reduce the
éwmber of modules in the theory. In view of the similarity in constraints upon
relativization, coordination, parentheticalization, and intonation structure, it
seems possible that one could do this by combining PF, S-structure, and Into-
nation Structure in a single module. To do this we need a theory that stands
traditional generative syntax on its head.

(11) *(ThreeMATHEMATICIANS )(in ten derive &EMMA).

This observation gave rise to the “Sense Unit Condition” on prosodic phrases
of Halliday (1967), cf. Selkirk (1984), according to which such phrases have

In view of the similarities noted above between the restrictions on coordina-
tion and those on intonation structure, it would have been possible to regard th

ment, or whatever) as the forrfeHowever, Selkirk instead proposed incor-
1984—cf. p.205).

In according first-class structural citizenship to the intonational phrase, this
is an appealing move. However, the resultant theory has some worrying as-
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5.4 Combinatory Categorial Grammar parsing in the face of so-called spurious ambiguity is not only easily solvable /\
with standard parsing methodologies, yielding processors which are of polyno- ° x
Combinatory Categorial Grammar (CCG), like other varieties of categorial mial worst-case complexity and practicable average case complexity, as well \/

grammar discussed by Oehrle, this volume, is a form of lexicalized grammar as compatible with state-of-the-art probabilistic optimization (Hockenmaier
in which the application of syntactic rules is entirely conditioned on the syn- and Steedman 2002b; Clark, Hockenmaier and Steedman 2002; Hockenmaier Figure 5.2: CCG type hierarchy for slash modalities.
tactic type, orcategory of their inputs. No rule is structure- or derivation- 2003a), but also directly compatible under the most restrictive assumptions
dependent. possible with what is known about human sentence processing, as discussed in

Categories identify constituents as eitipeimitive categorier functions the chapter by Tanenhaus in the present volume. x allows limited permutation; andis the most permissive, allowing all rules
Primitive categories, such as N, NP, PP, S, and so on, may be regarded as to apply. The relation of these modalities to each other can be compactly rep-
further distinguished by features, such as number, case, inflection, and théb.4.1 Categorial Grammar resented via the hierarchy given in Figure 5.2:
like. Functions (such as verbs) bear categories identifying the type of their In CCG, as in other varieties of Categorial Grammar reviewed by Wood (1993)  The essential effect of these modalities is to permit lexical control over
result (such as VP) and that of their argument(s)/complements(s) (both mayand exemplified in the bibliography below, syntactic information of the kind CCG’s combinatory rules by defining the ability of functional categories to
themselves be either functions or primitive categories). Function categoriesthat can be captured for English in familiar context-free production rules like S€rve as input to only a subset of the available rules. Without modally typed
also define the order(s) in which the arguments must combine, and whether(12) is transferred to lexical entries like (13): slashes, language-specific restrictions or even bans on some combinatory rules

they must occur to the right or the left of the functor. Each syntactic category 12S 5 NP VP are necessary in order to block certain ungrammatical word orders. With them,
the combinatory rules are truly universal: the grammar of every language uti-

is associated with a logical form whose semantic type is entirely determined VP — TV NP

by the syntactic category. TV — {proved finds ...} lizes exactly the same set of rules, without modification, thereby leaving all
Pure CG (Ajdukiewicz 1935, Bar-Hillel 1953) limits syntactic combination cross-linguistic Yariation in the I_exicon. As such, CC(_3 ifuy Iexica_l_ized

to rules of functionahpplicationof functions to arguments to the right or left. ~ (13) proved :XS\NP)/NP grammar formalism. See Baldridge (2002) and Baldridge and Kruijff (2003)

for further discussion of the implications of the modal formulation of CCG.

This restriction limits expressivity to the level of context-free grammar, and Thjs syntactic “category” identifies the transitive verb as a function, and spec- o
The most freely-combining types of slagiand\_ allow a category to com-

CCG generalizes the context-free core by introducing further rules for com- ifies the type and directionality of its arguments and the type of its result. We ) ) _ _
bining categories. Because of their strictly type-driven character and their se-here use the “result leftmost” notation in which a rightward-combining func- bine by any combmator){ rule. ‘The slashes |n‘(l3) are of this type. It will
mantic correspondence to the simplest of the combinators identified by Currytor over a domai into a rangex are writtena /B, while the corresponding be c'on\'/enlent tf) abbreviate th|§ type as a plain forward or backward slash,
and Feys (1958), these rules are caliechbinatoryrules and are the distinc-  |eftward-combining functor is writtea\ .7 o and@ may themselves be func- ~ cONtinUing to write such categories as before.

tive ingredient of CCG, giving it its name. They are strictly limited to certain  tjon categories. In order to allow functors SU_Ch as (13) to combine with their arguments, we
directionally specialized instantiations of a very few basic operations, of which e follow Jacobson (1990, 1992), Hepple (1990) and Baldridge (2002); need combinatory rules, of which the two simplest are the following functional

the most important arype-raisingand functionatompositior? Baldridge and Kruijff (2003) (and depart fro8P in assuming that rules and  2PPlication rules:

Though early work in CCG focused primarily on phenomena in English function categories are “modalized,” as indicated by a subscript on slashes.(14) The functional application rules
and Dutch, grammar fragments capturing significant cross-linguistic general-gpecifically, we assume that function categories may be restricted as to the  a. XAY Y = X >)
izations have been constructed more recently in the framework (e.g., Turkish,ryles that allow them to combine with other categories, via slashes typed with b.Y X.vY = X (<)

Hoffman 1995; Japanese, Komagata 1999; Tzotzil, Trechsel 2000; Tagalagour basic modalitiesx, x, o, and-. The effect of each of these modalities
and Toba Batak, Baldridge 2002). In this chapter, we present basic aspectsyill be explicated as we introduce each of the combinatory rules and define
of analyses of English, Dutch, Japanese and Turkish, with a particular focustheir interaction with the modalities. The basic intent behind the modalities
on a generalization for free word-order that leaves expressive power at thes as follows: thex modality is the most restricted and allows only the most
same mildly context-sensitive level as standard CCG. Finally, the problem of pasic applicative rules; permits order-preserving associativity in derivations;

Because is the supertype of all other modalities, thend\. slashes on these
rules mean thaill categories can combine by these rufés.

These rules have the form of very general binary phrase structure rule
schemata. In fact, “pure” categorial grammar limited to these these two rules
alone is essentially context-free grammar written in the accepting, rather than
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the producing, direction, with a consequent transfer of the major burden of They yield derivations like the following: functions related to Curry’s combinators (Curry and Feys 1958). For exam-
specifying particular grammars from the PS rules to the lexicon. While it is (18) ple, functions may nondeterministicaltpmposeas well as apply, under the
now convenient to write derivations as in (15a), they are equivalent to conven- following rules*

tional phrase structure derivations (15b):

Marcel proved completeness
NPssm: marcel (S\NPss)/NP: AxAy.provéxy NP: completeness
S\NPss: Ay.provécompletenesg

(22) The harmonic functional composition rules
(15) a. Marcel proved completenesbk. Marcel proved completeness S: provécompletenedmarcel a XY Yz = Xz (>B)

NP (S\NP)/NP NP NPV NP b.Y\;Z X\Y = X\Z (<B)

SN > \/\/P The derivation yields the category S with a compositional interpretation, equiv- ] ] o S o
\ alent under a convention of left associativity to (19a): The operation of these rules in derivations is indicated by an underline in-

S S dexed>B or <B respectively (because Curry called his composition combina-
It is important to note that such tree-structures are simply a representation of tor B). Theo modality means that only categories bearing that modality or the
the process of derivation. They are not structures that need to be built by a most general modality (here abbreviated as plain slash) may compose. Cat-
processor, nor do they provide the input to any rules of grammar. (19) a.(provécompleteneggmarcel b. prove’ completeness’ marce! ’ egories bearing the incompatible modality or the least generalmodality

Despite this close correspondence, the categories labeling the nodes of thg¢nys, the traditional subject-predicate structure reflecting c-command relations(SUC" @ the conjunction category (20)) cannot combine by these rules.

derivation in (15a) are much more informative than the atomic symbols in the exhibited in (19b) is expressed at the level of propositional logical form or LF- W'th_QUt the use of the hlerar_c_hy given in Figure 5.2 relgtlng the various
tree (15b). Subcategorization is directly encoded in functor categories ratherggrycture. modalities, the forward composition rule would be stated with the following
than through the use of new symbols SUCVagns, Virans @aNdVyirans: FUrther- four instantiations:

more, there is a systematic correspondence between notions sinttaasi- 5.4.2 Coordination (23) a. XY Y/Z = X/Z
tive andtransitive— after the transitive categof8\NP)/NP consumes its  Coordination is captured in the present version of CCG via the following cat- b. XY Y/Z = X/Z
object argument, the resulting categ@yNP is exactly that of an intransitive egory (actually, category schema) for conjunctions kel allowing con- c. X/Y Y.z = X/Z
verb. This is a result of the way lexical categories are defined in combination stituents of like type to conjoin to yield a single constituent of the same%pe: d. X/Y Y/Z = X/Z
WI?;:‘;E;::;LS:; rgéersegfafrl:jr:;tl2222:55;;?;2 semantic type of their transla(_20) The Conjunction Category We explain why only these four mixtu.res are utiliz«a.d feB in section 55
and :=(X\,.X) A X The effect of (22a) can be seen in the derivation of sentences like (24),

tion. This translation can be made explicit in the following expanded notation,
which associates a logical form with the entire syntactic category, via the colon

which crucially involves the composition of two verbs to yield a com-

The~ modality on the slashes of this category restrict it to combinlg by . " o
posite of the same category as a transitive verb. It is important to ob-

operator, which is assumed to have lower precedence than the categorial slasi€ application rules (14). It gives rise to derivations like the following: serve that composition also yields an appropriate interpretation for the com-
operators. (Agreement features are also included in the syntactic category, repe21) Marcel conjectured and proved completeness posite verbmight prove as AxAy.might (provex)y, an object which if ap-
rgsented as subscripts, much asin I.E%ach 1983. The f(.aaﬂusélmderspeu- NP (S\NP)/NP (X\.X)/X  (S\NP)/NP NP plied to an objectompletenesand a subjecMarcel yields the proposition

fied” for gender and can combine with the more speciisthby a standard ((S\NP)/NP)\*((S\NP)/NP>) might(provécompletenesgmarcel. The coordination will therefore yield an
unification mechanism that we will pass over here—see Shieber 1986.) (S\NP)/NP appropriate semantic interpretatiéh.

(16) proved :5(S\NPss) /NP : AxAy.provexy S\NP >

We must also expand the rules of functional application in the same way: S

(17) Functional application

5.4.3 Composition
a. XLY:f Y:a = X:fa (>) I o ¢ ) ) N |
b.Y:a X\.Y:f = X:fa (<) In order to allow coordination of contiguous strings that are not standardly

assumed to constitute constituents, CCG allows certain further operations on
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(24) Marcel conjectured and might prove completeness (28) Marcel proved and |
NP (S\NP)/NP (X\.X)/AX (S\NP)/VP VP/NP NP NP (S\NP)/NP (X\,.X) /X NP (S\NP)/NP NP
:marcel :conjecturé :and : might : prové : completeness —>T — T
S/(S\NP) S/(S\NP)
(S\NP)/NP >B
: AxAy.might (proveéx)y S/NP SNP
((S\NP)/NP)\.((S\NP)/NP) S/NP)\.(S/NP,
:)\tv)\x)\y.and(migh&(provéx)y)(tv Xy) (S/NP\(S/NP)
S/NP
_(S\NP)/NP >
: Axy.and (might (provex)y) (conjecturéxy) S

>

NP

;)\y_and(migh((pm\,écompmi\negw)(conjecmrécommeteneé;) The variableX in type-raising is restricted to primitive argument categories,

NP, PP etc., and to primitive functors like verbs. It therefore resembles the tra-
ditional notion ofcase Unlike the other combinatory rules, it can be regarded

S: and (might (provécompletenesgmarcel)(conjecturécompletenesmarcel )

CCG generalizes composition B for smalln—e.g.
(25) XLY:f (YLZ)/[W = (X[Z)[W:AAZf((gw)2) language like English it is often convenient to include it in the derivation, as

. - . above!®
Among other consequences, this generalization permits modal verbs to com-

pose into ditransitive verbs, as in the following:

(26)

(>B?)

5.5 The Combinatory Projection Principle
might give
(S\NP)/VP (VP/NP)/NP

I 2
((S\NP)/NP)/NF

as a lexical or morphological-level process, although for an almost caseless
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disproved completenessThe first of these principles is merely the definition of combinators themselves.

The other principles say that combinatory rules may not override, but must
rather “project,” the directionality specified in the lexicon. More concretely,

the Principle of Consistency excludes the following kind of rule:
32) X\.Y Y = X (disallowed)

The Principle of Inheritance excludes rules like the following hypothetical in-

stances of composition:

(33) a. XY YZ = X\Z
b. XY Y,Z = X/Z

(disallowed)
(disallowed)

On the other hand, these principles do allow rules such as the following, along
with generalization along the lines of (25):

(34) The crossing functional composition rules

a XL LYy Wz = X\ Z
b.Y,Z X\,Y = X/Z

(>Bx)
(<Bx)

Such rules are not theorems of type calculi such as that of Lambek (1958)

We have given examples of several rules that encode the syntactic reflex of &, it descendants, and in fact cause collapse of such calculi into permutation
few basic semantic functions (combinators). However, a larger set of possible

completeness if added as axioms (Moortgat 1988), a fact that has motivated the

rules could be derived from the combinators, and we restrict the set to be Onlydevelopment of multi-modal varieties of categorial grammar within the type-

5.4.4 Type-Raising those which obey the following principles:
Combinatory grammars also include type-raising rules, which turn arguments gy The Principle of Adjacency:

into functions over functions-over-such-arguments. These rules allow argu-
ments to compose with the verbs that seek them, and thereby take part in coor-

dinations as in (28).

Combinatory rules may only apply to finitely many phonologically real-
ized and string-adjacent entities.

(30) The Principle of Consistency:
All syntactic combinatory rules must be consistent with the directionality
of the principal function.

(27) Forward type-raisingd>T)
X:a = T/i(T\iX):Af.fa

The subscript on the slashes means that they both have the same modality as

what ever function ;X the raised category is applied to. T is a metavariable (31) The Principle of Inheritance:

over categories. If instantiated §sit allows the following derivation: If the category that results from the application of a combinatory rule
is a function category, then the slash type of a given argument in that
category will be the same as the one(s) of the corresponding argument(s
in the input function(s).

logical tradition by Hepple (1990) and Morrill 1994, cf. Oehrle, this volume.
While such rules do not cause a collapse in C&@n without the modalities

the present use of modalities to provide finer control over the rules is directly
inspired by multi-modal categorial grammar (see Baldridge 2002).

5.6 The Bounded Constructions

The treatment in CCG of the bounded constructions traditionally known as
Reflexivization, Dative-shift, Raising, Object- and Subject- Control, and Pas-
sivization is equivalent in essence to the treatment of these phenomena in
G/HPSG and LFG (and is unlike the treatment in GB, TAG, and the type-

)Iogical varieties of CG discussed by Oehrle in the present volume) in that it

expresses the underlying dependencies and structures at the level of logical
form, rather than at the level of derivation. The logical forms in question as
they are presented here are extremely simplified and leave many semantic sub-
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tleties to be specified in meaning postulates that we do not specify. Unlike most arguments, it is a clitic, like Frensg which means that it is spe-

cialized to apply only tdexical verbal categories. Its category is as follots:
(37) itself :=(S\NPssn)\{ (S\NPssn) /NP}Lex : ApAy.p(andy)y
It gives rise to derivations like the following

(38) Theorem1 proved itself
S/(S\NPssp) : (S\NPagr)/NP: (S\NP3sp)\ { (S\NP3sp) /NP}ex :

5.6.1 Binding Theory

We define a structural notion of LF-command over logical forms like the one
built in derivation (18), along lines set out more fully in Steedman 1996, (here-
after,SS), and Steedman 2000b, (heraftgF).

(35) LF-command a nodea in a logical formA LF-commands a nod@ in

A if the node immediately dominating dominates3 anda does not theorem1  Axky.proveéxy S Aphy.plandy)y
. NP3gn:
dominateB. )\y.prové(zipldy)y

(The relation “dominates” is defined as the recursive transitive closure of the
parent relation. The relation “immediately dominates” is defined as holding
between the first branching node that dominates a node and that node.)

If the LF interpretations of bound pronouns and reflexive/reciprocal
anaphors bound in a logical fori are defined as (non-branching) “pro-
terms” of the formpro’x, andx, in whichx is identical to some other node in
A, then a binding theory much like that of Chomsky (1981) can be detihed.
For example, Condition C of the binding theory, which rules Het likes
John, He thinks Mary likes Johnetc., can be defined as follows:

S: prové(andtheoremi)theoremi

The logical form yielded by above the example conforms to Condition C (36).
license*ltself proved theorem Ivould be in violation of Condition C (36),

(19) is by definition limited to the domain of a lexical verb. Condition A is
therefore captured without further stipulation.

5.6.3 Heavy Noun Phrase Shift
(36) Condition C No node except the argument in a pro-term may be LF-

commanded by itself.
first argument of the verb, via derivations like the following:

(39) | introduced to Marcel

S/(S\NP) : ((S\NP)/PPro)/NP: S\(S/PPro) :
Ap.p mé )\xAyAz.mtroducéyxg Ag.q marcel
B

(S_/ PPro)/NP:
AxAy.introducéyx mé

We shall see directly that Condition A of the binding theory follows immedi-
ately from Condition C and the assumption that reflexivization is lexicalized.
Condition B, which says that pronouns must not be bound in their local tensed
domain) is claimed ir8Slto arise because pronominal anaphonsatlexical-

ized, but mediated by contextual update.

S\(S/NP):
Ar.r friends

B

5.6.2 Reflexivization

Condition A says that reflexives etc. must be bound in their local tensed do-
main, excludingHimself; likes Harry, *Harry; thinks Sally likes himselfand

the like. This is naturally captured in CCG if we follow Reinhart and Reuland Such derivations preserve the binding condition C at the level of logical form
(1991, 1993) in assuming that reflexivization is lexicalized. (We also follow as required by the following:

those authors and Pollard and Sag 1992 in assuming that English reflexiveg40) | introduced to each other some very heavy friends.

have logophoric homonyms that are pronominal and not subject to Condition

A). That is to say that the pronouitself, like all noun phrases, is type-raised.

S/NP: Ax.introducémarcelx mé

S:introducémarcelfriendsmé

The availability of backward crossed composition (34b) allows us to account
for the fact that most adjuncts and second arguments can invert order with the(44) *I gave a book my very heavy friend from Hoboken.
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The crucial involvement of the type-raised PP category also predicts that
preposition stranding will be incompatible with the HNPS construction, as in
(a), despite the possibility of strandiimgsitu propositions as in (b), which in-
volves the unraiseBP/NP (traces are included to indicate intended readings):

(41) a. *Who did you introduce tbyour very heavy friends?
b.  Who did you introduce your very heavy friendg ®
A derivation similar to (39), suggested as an exercise, allows adjuncts of
type S\S, VP\VP, etc. to take part in the construction, as in the following
example:

(42) 1 shall meet tomorrow some very heavy friends from Hoboken.

However, it should be observed that a category parallel to (37) that would 5.6.4 Dative Shift

The ditransitive category for a verb likgveis as follows!®

and cannot therefore exist in any language. Moreover the binding captured in(43) gave :=((S\NP)/NP) /NP : AxAyAzgiveyxz

The ¢ modality on the first slash is incompatible with combination via the
backward crossed composition rule (34b). Ditransitives therefore cannot un-
dergo HNPS, ruling out sentences like the following, despite the fact that the
type-raised accusative would otherwise permit a derivation analogous to (39):

The category is otherwise unremarkable, apart from the fact that the com-

some very heavy friendsmand relation of the two rightward argumentsasersecbetween the surface

derivation (which is suggested as an exercise) and the logical form that results
from category (43), in whiclk LF-commandgy. This property (which, as we
shall see in section 5.7.2, is universal in SVOX, VSOX, XOSV, and XOVS
constructions) captures the following binding assymetry between indirect and
direct object for ditransitive verbs, via Condition C (36):

(45) a. Marcel showed me my5§§10v0(andmé)mémarcel
b. *Marcel showed myself M howme (andmée)marcel

The type-logical varieties of CG discussed by Oehrle in this volume typ-
ically eschew such “intrinsic” use of logical form (and indeed the entire ac-
count of binding offered here). Instead, such grammars typically reverse the
order of indirect and direct object in the syntactic category of ditransitives,
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so that accusative as first argument commands dative as second, and includg&O0)
the WRAP operations first introduced by Bach (1979) and Dowty (1979), to-
gether with corresponding slash-modalities (Jacobson 1992), to recapture the
now-inconsistent English word-order.

Such an alternative is not without appeal. However, it greatly complicates
the grammar in other respects, especially as concerns the account of coordina-
tion presented below.

| persuaded to take a bath

S/(S\NP): ((S\NP)/VPro)/NP: S\(S/VPro) :
Ap.p mé )\x)\y)\z.persuadéyxg Aq.q (takébath)

(S/VPro)/NP:
My.persuadg/x mé

S/NP: Ax.persuad&takebath)x mé
S: persuad&takebath)friendsmé

S\(S/NP) :
Ar.r friends

A small class of verbs likeeetake bare infinitival complements and seem to
be similarly free (although the passive form mysteriously neadsr#initival
for which there is no correponding active).

5.6.5 Raising
Raising verbs likeseemhave categories like the following:
(46) seems : #S\NP)/(Sro\NP) : ApAy.seem(py)

The primitiveseerhis a modal or intensional operator which the interpretation
composes with the complement predicate. Auxiliaries should be analyzed as
modality-contributing raising verbs of this kind, as Clark (1997) points out.

(51) a. | saw John take a bath
b. John was seen to take a bath.
c. | saw take a bath my very heavy friend from Hoboken.

The category is parallel to (48):
(52) saw :=((S\NP)/(Snt\NP))/NP: AXApAy.seé(p(andx))xy

Other superficially similar control verbs are more idiosyncratic, and the data
are sometimes a little uncledExpectseems to passivize, but not to be com-
patible with Heavy NP Shift:

5.6.6 Object-Control

Persuades one of a class of verbs where surface objects control an infinitival
complement’s subject, and which are completely free in their interaction with
other operations such as passivization and Heavy Noun Phrase Shift:

(47) a. | persuaded John to take a bath.
b. I persuaded John to bathe himself.
c. John was persuaded to take a bath.
d. | persuaded to take a bath my very heavy friend from Hoboken.

(53) a. | expect John to take a bath
b. John was expected to take a bath.
c. *l expected to take a bath my very heavy friend from Hoboken.

The latter observation can be captured by imposing the diamond modality on
the first slash, preventing the backward crossed rule from compesimert
andto take a bathanalogously to derivation (50):

(54) expected :%(S\NP)/(Sro\NP)) LNP : AxApAy.expect(p(andx))xy

The CCG lexical entry for such verbs is as in the following example:
(48) persuaded :{S\NP)/(Sro\NP))/NP: AxApAy.persuad&p(andx))xy
The subject of the infinitive at the level of logical form is a protemalx bound

to the object. The controlled infinitival subject may in turn bind a reflexive, as  gner object control verbs are more restricted, apparently rejecting not only
in (47b), to make logical forms like the following for (47b), which is consistent | \\ps but also passive:

with Condition C (36):
(49) S: persuad&bathé(and(andjohn’))(andjohn’))john'mé

(55) a. | wanted John to take a bath
b. *John was wanted to take a bath.
The category permits HNPS, on the assumption that the infinitival comple- c. *l wanted to take a bath my very heavy friend from Hoboken.

ment can type-rais¢®
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some very heavy friadgollow Jackendoff (1972) and Pollard and Sag (1991) in assuming that the

incompatibility of passivization arises from the thematic role of the object in
interaction with the interpretation of the passive itself. While this could be
realized syntactically via morphologically null case-marking, we will assume
for present purposes that the anomaly of (55b) is seméhtic.

(56) wanted :X{(S\NP)/(Sro\NP)) /NP : AxApAy.want(p(an&Xx))xy

5.6.7 Subject-Control

A number of intransitive verbs support subject control:
(57) 1 wanted/expected/promised to take a bath

The categories are like the following:

(58) wanted :{S\NP)/(Sro\NP) : ApAy.want(p(andy))y

A much smaller class of subject control verbs take objects, notablinise
These verbs are incompatible with HNPS and passive:

(59) a. | promised John to take a bath
b. *John was promised to take a bath.
c. *| promised to take a bath my very heavy friend from Hoboken.

The category is as follows:
(60) promised :X(S\NP)/(Sro\NP))/NP : AxApAy.promisé(py)xy

Again, the anomaly of passive is assumed to be semantic in origin, presumable
stemming from the absence of an LF-commanding antecedent for the comple-
ment subject. Oddly, the past participlembmise(but apparently notvan?)

is allowed with subject control if the complement is also passive, as in

(61) John was promised to be left alone.

This observation seems to confirm Jackendoff’s view that the anomaly of cer-
tain controlled passives is semantic rather than synt&gétic.

5.6.8 Passive

We will assume that passives are derived from actives via a lexical rule apply-
ing to the first argument of the base category. This rule yields the following
categories for the passives of the verbs discussed aove:
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(62) a. proven :{Sen\NP)/PRay : AXAy.provéyx

b. given :=((Sen\NP)/PRsy/NP : AXAyAzgive xzy

c. persuaded :H{Sen\NP)/PRsy)/(Sro\NP) : ApAyAzpersuadép(andz))zy

d. promised :5(Sen\NP)/PRay)/(Sro\NP) : ApAyAz promisé(p(andy))zy
The latter category licenses boflohn was promised to be left alone by
Marcel, and*John was promised to leave by MarceDn the assumption
that to be left alonehas an agentless passive categ&en\NP : Ax.leave
aloné(anax’)someonte the respective logical forms are as follows:

Thex modality on the conjunction category (20) means that it can combine
like typesonly by the application rules (14). Hence, as in GPSG (Gazdar

board condition (ATB) on extractions from coordinate structures a prediction
or theorem, rather than a stipulation, as consideration of the types involved in
the following examples will reveal:

(65) a. The result [thag\,n)4(s/np) [[Harry conjecturedd/ne and [Marcel
provedk/nels/nelnyN

b. The result thagy,n)4(s/ne) *[[Harry conjectured}ne and [Marcel
proved itk]]

c. The result thagy,n)4(s/ne) *[[Harry conjectured it and [Marcel
provedlynel

d. The result thaty,nyisne *[[amazed mednp and [Marcel
provedknel

(63) a. promisé(leavealoné(and john')someong john’'marcel
b. promisé(leavé(andmarcel))john’marcel

Both are impeccable in terms of the binding theory, so the anomaly of the latter
must stem from aspects of semantic representation that are not addressed here.

5.7 The Unbounded Constructions

The effect of including rules corresponding to the combinaBendT is to
induce a rebracketing and reordering calculus over the strings and derivations ) ) .
. - L . . and Goldsmith 1985 lik&Vhat did you go to the store and hiyow much beer
that the lexicon and application alone determine, in which every type-driven . ) . .
S . . . : can you drink and not get sickThis is the stuff that those guys in the Cau-
derivational step is guaranteed to project function argument relations correctly. drink d dlive o be a h t th dinate struct
The fact that the syntactic combinators can be lexically restricted by modally casus drink every day and live to be a hund € coordinate structure

typed-slashes means that languages like English and Dutch, in which rec)rderponstramt and the ATB exception are an illusion. This argument has recently

ing is quite limited, can be captured without generating undesired scrambledbeen revived by Kehler (2002) and Asudeh and Crouch (2002). However, it

word orders. A number of linguistic predictions follow. ) ) e ) . ;
Lakoff himself in an earlier incarnation) that these extractions involve another,

5.7.1 Unbounded Extraction and the Across-the-Board Condition non-coordinate, subordinating lexical category for “and”, and as such do not

Since complement-taking verbs likgnk, VP/S, can in turn compose via rule
(22a) with fragments likéMarcel proved S/NP, derived as in (28), we cor-
rectly predict the fact that right-node raising is unbounded, as in (64a), and
also provide the basis for an analysis of the similarly unbounded character of
leftward extraction, as in (64b) (s&Sland Baldridge 2002 for details, includ-

ing discussion of “that-trace” effects and other extraction asymmetries):

ter all. Among the arguments in support of this view are the presuppositional

no otherconjunctions support such extractions—t#hat did you go to the
store or buy*How much beer can you drink or not get sickThis is the stuff
that those guys in the Caucasus drink every day or live to be a hundred

It follows that the problematic extractions can naturally be handled in CCG
by assigning to “and” additional independent categories supporting extrac-
tion from left and right conjunct respectively, and with an appropriate voli-

(64) a. [l conjectureddnp and [you think Marcel provedjyp completeness.
b. The result [whichky,.n).s/ne) [I conjecturedgne and [you think
Marcel provedynp.

has always also been argued (by Ross and Goldsmith, among others including

Combinatory Categorial GrammgDraft 4.0, August 10, 2003) 27

tional/causal semantics (omitted here) of the kind discussed by Lakoff, Kehler,
and Asudeh and Crouch, here written as follds:

1981), this type-dependent account of extraction and coordination, as oppose?ee) a. and :5(VP/NP.ant)\«(VP/NP)) LV P
. . * *
to the standard account using structure-dependent rules, makes the across-the-

b. and :=((VP/NP) 4(VP/NP))\.VP

The possibility of such exceptional extractions therefore does not controvert
the CCG or GPSG claim that the coordinate structure constraint and its ex-
ceptions arise from the “same types” requirement on coordinands, contrary to
claims by Lakoff and Asudeh and Crouch.

5.7.2 Argument Cluster Coordination

This apparatus has also been applied to a wide variety of coordination phenom-
ena, including English “argument-cluster coordination”, “backward gapping”
and verb-raising constructions in Germanic languages, and English gapping.
The first of these is illustrated by the following analysis, from Dowty (1988),

in which the ditransitive verb categdiyP/NP) /NP is abbreviated aBTV,

- ) . 25
Lakoff (1986) suggested on the basis of examples first noticed by Ross 1967and the transitive verb categovP/NPis abbreviated aSV:

(67) give Walt the salt and Malcolm the talcum
DTV TW DTV VATV (X\.X),X TV\.DTV VATV
“VP\.DTV T VR.DTV
(VP\.DTV)\,(VP\.DTV)
VP\ DTV
VP

Since we have assumed the previously discussed rules of forward type-raising

constitute counterexamples to the coordinate structure and ATB constraints af{>T) and forward compositionXB), this construction is correctly predicted

to exist in English by arguments of symmetry, which imply that their backward

and volitional semantics of the sentences in question (and the absence of sucwarieties,<T and<B must also be assumed.
overtones from true coordinates), and the fact that (as Postal 1998 points out), Given independently motivated limitations on type-raising, examples like

the following are still disallowed®

(68) *Three mathematicians [[in tes [derive a lemmag np] @and [in a hun-
dred prove completeness.]
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5.7.3 “Mild Context Sensitivity”
The availability ofcrossedcomposition (34) to the grammar of Dutch under
the Principles of Consistency and Inheritance allows crossed dependencies:

(69) dat ik Cecilia de nijlpaarden zag voeren
that | Cecilia the hippos saw feed
NPy NP NP3 ((Sisus\NP1)\NP2)/ VP VP\NPs
(Srsus\NPL)\NP)\NP;
(Stsus\NP1)\NP2
Sisus\NPy
Sisus

“that | saw Cecilia feed the hippos”
The x modality on the vertzag permits the forward crossed composition

rule (34a) to apply (since the leftward slash of the vederenbears the .
modality that is a subtype of), and also prevents harmonic composition of

type-raised arguments with the Dutch main verb category. We pass over here

the somewhat technical question of hoan-crossing orders like (70) are ex-
cluded, merely noting that they depend on treating categorie¥ Rkas bun-

dles of features or attribute-value pairs, and that such fine tuning is justified by
the fact that other verbs, such g®beren(to try) do permit analogous orders
(seeSP, 145-153, and Baldridge 2002, 117).

(70) *dat ik Cecilia zag de nijlpaarden voeren.

The possibility of crossing dependencies immediately implies that CCG
may be trans-context-free in terms of generative capacity. CCG is is in fact
provably weakly equivalent to TAG, Head Grammar (Pollard 1984), and Lin-

ear Indexed Grammar (Aho 1968), a group constituting the least expressive(73) a. okuyor :<S\NPyom) \NPsc
natural generalization of CFG that has so far been identified. This equivalence

gives rise to a polynomial time worst-case complexity result (Vijay-Shanker
and Weir 1990, 1993, 1994).

5.8 Scrambling

Many languages, such as Turkish and Japanese, permit more freedom in wor

order than languages like English and Dutch. The most basic expression of this
is local scrambling, in which the arguments of a verb appear in permuted orders
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within its clausal domain. This can be seen in the Turkish transitive sentence(75) Kitabi Ayse okuyor
(71a) and its scrambled counterpart (71b), adapted from Hoffman (1995): NPace NPoom (S\NPaco) \NPoom
(71) a. Ayse  kitabi  okuyor S\NPxce
Ayse-nom booknaccreadrroc S
b. Kitabi ~Ayse  okuyor It may appear that using multiple categories as such fails to recognize the

bookncc Ayse~om readeroc
‘Ayse reads the book.

connection between the two orders; however, they can actually be generated
from the specification of a single category, given a suitable theory of the lex-

Long distance scrambling, on the other hand, describes the appearance of aicon. For example, one could assume that the category (73a) is the kernel
argument of a lower clause intermixed with the arguments of a higher clause.category and use a lexical rule to generate (73b) from it. A more involved
For example, the argumekitabi ‘book’ of the lower verbokudugunuread’ strategy is that advocated by Foster (1990), where unordered categories in the
scrambles out of its “base” position in (72a) into the matrix clause (72b) (from lexicon potentially project multiple ordered categories for use by the grammar.
Hoffman 1995): The difference between Foster’s strategy and one which uses lexical rules is
that his approach does not require any language specific rules in order to cre-
ate ordered categories from an unordered kernel category. This retains a tight
connection between the different orders in a principled manner.

An alternative to multiple categories is to relax the definitions of categories
and combinatory rules to allow a single category to project multiple word or-
ders directly in syntactic combination. This is the strategy advocated by Hoff-

The essential tension which arises in providing an analysisaafl scram- man (1995) to deal with scrambling in Turkish. She allows categories to con-
bling is that between utilizing base generation or devising a sufficiently liberal t&in multi-set arguments, as in (76), and redefines the combinatory rules to be
syntactic system. In CCG, base generation amounts to lexical ambiguity for Sensitive to multi-sets, as shown for backward application in {7With this
verbs that allow scrambling. For example, if we assume the Turkish lexicon @Pplication rule, the category (76) can consume its arguments in either order.

(76) okuyor ::S{\N Prom, \N Pacc}

(72) a. Fatma[Esra’'nin kitabi ~ okudugunu] biliyor.
Fatma [Esrasenbook=cc readeer-acc] know-proc
‘Fatma knows that Esra read the book.’

. Kitabi;  Fatma [Esra’nin;tokudugunu] biliyor.
book-acc; Fatma [Esrazent; readser-acc] know-proc
‘As for the book, Fatma knows that Esra read it.’

contains the two categories in (73) fokuyor‘read’, both of the word orders

in (71) are captured, as shown in derivations (74) and (75).

77) Y Xaw{\Y}) = Xa (<)

While this modified CCG apparatus suffices for local scrambling, it does not
directly handle long distance scrambling. Accordingly, Hoffman redefines the
type-raising and composition rules to work with such categories, but does so
in a manner which increases the generative capacity of the system. In order to
retain mild context-sensitivity while using multi-sets in categories, Baldridge
(2002) provides more conservative definitions of the rules that permit the CCG
system to use a flexible category in the same way as if it had access to an entire
set of ordered categories that collectively capture the scrambled word orders.
Then, the permutative powers already inherent in the crossed composition rules

b. okuyor :=(S\NPuc) \NPnom

(74) Ayse kitabi okuyor
NProm NPace (S\NProm) \NPacc
i s

S\ NProm
S

d
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can be utilized for long distance scrambling. For example, to derive (72b), the metries in Tagalog maintains tight control over forward harmonic composition (83) a. Ken-ga Naomi-o tazuneta.
subjectFatmaof the matrix verb must type-raise and forwambsscompose while allowing local scrambling, and Trechsel (2000) utilizes restrictions with Ken-Nom NaomiA(_:c Visit-PAST.CONCL
into the verbal cluster in order for the derivation to proceed, as shown if{78). similar effects in Tzotzil. Ken visited Naomi.

i ; ; P b. Ken-ga Naomi-o tazuneta

(78) Kitabi Eatma Esra’nin okudugunu biliyor With its universal rule set and IeX|(.:aI contr‘ol over |F via modally typeq T o
— slashes, CCG supports these competing tensions straightforwardly and with- S/(S\NPnom) (S\NPnom)/((S\NPnom)\NPacc) (S\NPnom) \NPacc

N Pacc N I:)nom N Pgen &cc{\N Pgem \N Pacc} S{\N Pnorm \Sacc} . . . B

ST out recourse to powerful syntactic rules, transformations, or other devices. S/ ((S\NPnom)\NPacc)
S/ (S\anom) Sacc\N Pacc S >
(S\NPoom) \NP, y - -
A 5.9 Gapping and the Order of Constituents The resulting nonstandard constitué&®n-ga Naomi-acan therefore conjoin,
S\NPacc in a mirror image of the English derivation (67):
S The phenomenon of “argument cluster coordination” illustrated in (67) is an

)(84) [Ken-ga Naomi-o],  [Erika-ga Sara-0] tazuneta.
S/((S\NPnom) \NPacc) S/ ((S\NPnom)\NPacc) (S\NPnom) \NPacc
Ken-NoM Naomi-Acc Erika-NOM SaraACC Visit-PAST.CONCL
‘Ken visited Naomi, and Erika, Sara.’

example of a much broader cross-linguistic generalization due to Ross (1970
concerning a relation between basic word-order parameters such as verb fi-
nality and constraints on deletion or gapping under coordination. While
Ross originally framed his generalization in terms of a then-orthodox deep-
ructural word order, and on that basis it has been challenged, when reformu- Ditransitives similarly allow larger argument clusters (to save space the in-

Under this account, local scrambling is viewed as a clause-bounded phenom
ena, while long distance scrambling takes a form similar to other “extraction”-
type phenomena, such as relativization.

The word order of Turkish is of course not entirely free. While verbal argu-
ments can scramble around, the elements of some noun phrases are more fixeﬁt,

as can be seen in (79): lated in terms of surface constituent order, it appears to hold. transi-tive category is abbreviat&P, the transitiveTV, and the ditransitive
79) [ h ked] geld Ross (1970) noticed that direction of gapping (leftward or rightward) de- DTV):
79) a. [Siyah kedi] geldi : ; . ) . . .
[black caf comesast pends on basic constituent order: (85) a. Kyooju-ga  komonjo-o gakusee-ni kasita.
“The black cat came in’ (81) a. SOV: *SOV and SO, SO and SOV ProfessomoM manuscriptacc studentbAT lent-PAST.CONCL
b. *Kedi siyah geldi b. VSO: VSO and SO, *SO and VSO The professor IenF the manuscrlp‘t to th‘e student.
cat black comaast c. SVO: SVO and SO, *SO and SVO b. KyOOJu->gTa komonj>oT-o gakusg$-n| kasita
c. *Siyah geldi kedi Apparent exceptions such as Zapotec (traditionally VSO) and Dutch (tradition- M\ig TV/DTV. DTV
black comerastcat ally SOV) which allow both leftward and rightward gapping also have suspi- Al -8
Under the assumption that the categorgigaih‘black’ has a rightward slash, ciously mixed word-order, rendering the identification of “basic” word-order S/DTV) .
(79b) is obviously blocked. Modal control is crucial in the case of (79c); the Mootin those languages. S
slash must be non-permuting slash in order to bar backward crossed composi- In this case there is another derivation for the argument cluster:
; i 5.9.1 Gapping and SOV Word Order
tion from applying: PpIng ) . ) ) (86) Kyooju-ga komonjo-o gakusee-ni kasita
80 wvah i kedi On the assumption that type-raising is order-preserving, and defined over the S VP>T VP T\7T v Dﬁ/T 5TV
(80) siya geldr - kedi Japanese SQV lexical type for transitive verbs like (82), the subject and object / #w
NPx/eNP S\NPWT NProm NP can not only combine with the verb by forward application, but also by VP/DTV -B
iti i S/DTV
Turkish thus demonstrates the need for liberal access to the crossed (:ompof-0rWard composition, as in (83). / S >

sition rules at the clausal level while retaining tighter control over them at the (82) tazuneta :$S\NPhom) \NPacc : AXAy.visit' xy
phrasal levef? This type of control is needed for harmonic composition rules
as well: for example, Baldridge’s (2002) analysis of syntactic extraction asym-

Again, both derivations are guaranteed to yield identical logical forms, and
all non-standard argument cluster constituents formed in both derivations can
coordinate.
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Ross’s generalization that SOV verbs gap on the left conjunct is therefore As discussed in section 5.8, we can regard these variant constituent orders The diamond modality on the rigid category (92) prevents Irish from exhibit-
captured: the Principles of Adjacency, Consistency, and Inheritance, togethetin Japanese as lexically specified, either via multiple verb categories or viaing scrambling in the mirror-image of Japanese (89), and prevents reordering
with the order-preserving constraint on type-raising that is by definition in an explicitly unordered leftward verb categories such as (76), in keeping with the analogous to Heavy NP shift (39) (which is otherwise allowed in Irish as in
order-dependent language, permit any raised categories or rules of composiebservation that local scrambling (as distinct from true extraction) is clause- English), just as that modality does for English ditransitives (cf. (45b)). Nev-

tion that would produce &ftward-looking function. “Forward Gapping” is bounded. ertheless the category allows the formation of relative clauses in the usual way,
therefore disallowed in any language with a pure verb-final lexicon: nlike Hoffman’s extension o or scrambling, the formulation which may as in Dutch be ambiguous (McCloskey :
herefore disallowed i | ith b-final lexi Unlike Hoff 's (1995 ion of CCG fi bli he f lati hich in Dutch b bi McCloskey 19%8
(87) *Ken-ga Naomi-o tazunete, Erika-ga  Sara-o d|scu§seq in section 5.8 does not immediately allow the following pattern of ©4) an file a mhol na micginn

Ken-NOM Naomi-ACC Visit-PAST.ADV ErikaNOM SaraAcc coordination to be captured: the poet that praised the students

‘Ken visited Naomi, and Erika, Sara.’ (91) ?[Naomi-o Ken-ga,] [Erika-ga Sara-o] tazuneta NP/N N (N\N)/(S/NP) (S/N P)/ol\>lBP NP .
Dutch, which is often regarded as an SOV languatgesallow coordi- S/((S\NPacc) \NProm) S/ ((S\NPnom) \NPacc) (S\NPnom)\NPacc (NAN)/NP (NAN)\,((NAN),NP)

nations on the above pattern in subordinate-clause conjunctions, in apparent ~ Naomi-Acc Ken-Nowm, Erika-:NOM SaraacC Visit-PAST.CONCL NN
exception to Ross’ generalization: Ken visited Naomi and Erika, Sara. <
(88) ...datMaaike aardappels eet en Pietbonen The s.tatus of such coordinations in Japar?ese is not.entirely clear. They tend NP >

...thatMaaike potatoes  eats and Piet beans to be judged less acceptable than the earlier alternatives, and seem to be prag-  «pe poet that praised the students’

‘...thatMaaike eats potatoes and Piet beans.’ matically marked. (Interestingly, the similarly problematic SO&OSV pattern

i 95) an file a mhol na micelinn
However, this exception is clearly related to the fact that Dutch has VSO/SVO seems to be even Itess a;c?:;able than the OS&ISOV pattern in (91).) But thé95) the poet that praised  the students
word order as well as SOV. In CCG terms, this corresponds to the fact that Co\r/]\fee\r/]vTITfestj?nmbSri;I eto t:is (rec))ltj:qgi;a?erzsolr?zg 3 NP/N N (N\N)/(S/NP) (S/N P)/NP NP
its lexicon is notpurely SOV, and that main verbs must be assumed to bear y P D S/NP >
VSO categories. Ross’ generalization should therefore be rephrase&Rs in 5.9.2 Gapping and VSO Word Order NN >
in terms of surface order, i.e available lexical type(s), not a single underlying =" . pping . )
. ) W . " It is obvious on arguments from symmetry that the VSO subject and object N
order. Indeed, CCG rejects the very notion of “underlying word order. ) . . ) - >
This observation is relevant to the fact that Japanese also allows OSV wordeSt be assumed to raise over VSO verbs like the Irish Gaelic transitive verb NP

order. as in (89): chonaic'saw’, (92), and to compose with each other and with adjuncts in an ‘the poet that the students praised’

' _ order-preserving way to yield a single function, as in (93). Since such clusters necessarily bear leftward functor categories, when they
(89) Naomi-o Ken-ga tazuneta. ) di h ive th f riah d ina. in i ith }

NAOMIACE Ken-N oM Visit-PAST CONCL (92) chonaic :{S/NP)/NP: Ax\y.seéyx coordinate they give the appearance of rightward gapping, in line with Ross

‘Ken visited Naomi.’ generalization.

(93) a. Chonaic Eoghan Sioah. . . L

OS order can also give rise to constituent cluster coordination parallel to (84), saw Eoghan Siokdr o (S/(?\Ihlg)r)];lllgP [SE\?(QS??\IHP)S/IEI%?] (X\ag(l;/sx g&%%ag?ﬁ%]-
as in (90)3° ‘Eoghan saw Siobdm.’ © o

(%0) b CE:] . Eoah Sioan’ saw Eoghan Siotdri and EoghneCiaran
(90) [Naomi-o Ken-ga,] [Sara-o Erika-ga] tazuneta : onaic oghan . 10 T ‘Eoghan saw Siobkdri, and EoghnaCiaran.’

S NP, NP, S NP, NP, NP, NP,

N(a(o(;\mctcl)(:enﬁgﬁ S/a(r(icc aEcrci)k\a-N;Or::) \(/iss\it—PZCsC)T\cor\r:(():nl (S/NP)) NP (S/NP\((S/NP)/NP) S\(S/NP) Again the three principles correctly exclude the “backward gapping” construc-

' ' S\((S/NP)/NP) tion that Ross (1970) held to be generally disallowed in strictly verb-initial

‘Ken visited Naomi and Erika, Sara.’

S languages:
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(97) *[Eoghan Siobkh] agus chonaic [Eoghn@iaran]. 5.10 Intonation Structure and Parentheticals In (100A) above, the order of the two tunes is reversed: this time, the tune
S\((S/NP)/NP) (X\.X) /X (S/NP)) ;NP S\((S/NP)/NP) with pitch accent L+H* and boundary LH% occurs on the weRtvEDIn one
Eoghan Sioban and saw Eoghn&iaran We also have seen that, in order to capture coordination with rules adhering toprosodic phraseéViarcel PROVED and the other tune with pitch accent H* and

As in the case of SOV languages, allegedly VSO languages exist that al-the constituent condition, CCG generalizes surface constituency to give sub-boundary LL% is carried by a second prosodic phKas@PLETENESS
low leftward gapping as well as rightward. Zapotec (Rosenbaum 1977) is a Strings likeMarcel provedand everna policeman a flowethe full status of The intuition that these tunes strongly convey systematic distinctions in dis-
standard example. However, like Dutch, Zapotec has mixed word order. It is constituents. course meaning is inescapable. For example, exchanging the answer tunes
therefore again consistent with a version of Ross’ generalization formulated But if they are constitutents of coordinate constructions, they are predicted between the two contexts in (99) and (100) yields complete incoherence. Pre-
as inSPin terms of surface orders and available lexical verb categories rathert0 be possible constituents of ordinary non-coordinate sentences as well. Thevost and Steedman (1994) claim that the tunes L+H* LH% and H* L (or H*

characteristics of intonation structure and the related phenomenon of pareniL%) are respectively associated with the “theme” and “rheme” of the sen-

theticalization show that this prediction is correct. (Because of restrictions of tence, where these terms are used in the sense of Mathesius (1929), Firbas

space, this part of the account is sketched in less detail than that on coordinaf1964, 1966), and Bolinger (1989), and correspond roughly to a generaliza-
gtion. For details the reader is referred to Prevost (1995) and Steedman (1991tion of the more familiar terms “topic” and “comment”, which however are
generally restricted by definition to traditional constituents.

Informally the theme can be thought of as corresponding to the content of
5.10.1 English Intonation and Information Structure a contextually availablevh-question, which may be explicit, as in (99) and
(98) Marcel proved completeness, and Gilbert, soundness. Consider the following minimal pair of dialogs, in which intonational tunes (100), or implicit in other discourse content. The position on the pitch accent,
Comparison with example (67) and the fact that the English lexicon contains are indicated both informally via parentheses and small capitals as before, andf any, in the theme, distinguishes words corresponding to “focused” elements
a limited class of VSO verbs already suggests that an explanation is not farin the standard notation of Pierrehumbert (1980) and Pierrehumbert and Beck-of the content which distinguish this theme from other contextually available

than “deep” or “underlying” word-order.

5.9.3 Gapping and SVO Word Order

The fact that gapping in English and other verb-medial languages is rightwar
(as in the VSO pattern) needs further apparatus since the NPs in the ungappe%oooa)')
conjunct are separated by the SVO verb.

away. man (1988), in which prosodic phrases are specified solely in terms of two alternatives. The rheme can then be thought of as providing the answer to the
SP, following Steedman 1990, proposes a class of “decomposition” rules kinds of elements, the pitch accent(s) and the boundary: implicit wh-question, with the pitch accent again marking focused words which
which map the left conjunct onto a virtual VSQ verb and a virt.ual SO argu- 99) Q: I know who proved soundness. But who progeMpLETENESS distinguish this answer semantically from other potential answers. The system
ment cluster with the same category as the adjacent gapped right coordinate. A (MARCEL) (provedcOMPLETENESS. comprising the oppositions of theme/rheme and focus/background is known
The latter can coordinate with the virtual cluster and apply to the verb (whose H* L L+H*  LH% as information structure. Steedman (2000a) provides a more formal definition
interpretation has to be obtained contextually, possibly by processes akin to in terms of the “alternative semantics” of Rooth (1985, 1992), and the related
VP anaphora). This augmentation of CCG makes a number of correct predic-(100) Q: | know which result MarcetReDICTED But which result did Mar- “structured meanings” of Cresswell (1973, 1985), von Stechow (1991), and
tions about the possibility of “Stripping” constructions in English. Karamanis cel PROVE? others3®
(2001) and Bozsahin (2000) have used this apparatus to capture the kind of A: (Marcel PROVED)( COMPLETENESS. Since alternatives like the following are equally valid surface derivations in
mixed-order gapping illustrated for Japanese in (91) in Greek and Japanese, L+H*LH% H* LL% CCG, it will be obvious that CCG provides a framework for bringing intonation
respectively. White and Baldridge (2003) compile the effect of decomposi- | (99A), there is a prosodic phrase omRICEL including the sharply ris- structure and its interpretation — information structure — into the same syntactic

tion into a coordinating category to permit gaps to be parsed and realized in aing pitch accent that Pierrehumbert calls H*, immediately followed by an L System as everything else:
computational implementation of CC&However, the decomposition analy-  houndary, perceived as a rapid fall to low pitch. There is another prosodic
sis itself remains controversial and is passed over here. phrase having the somewhat later-rising and (more importantly) lower-rising

pitch accent called L+H* ocoMPLETENESSpreceded by null tone (and there-

fore interpolated low pitch) on the woptovedand immediately followed by

an utterance-final rising boundary, written LH%.
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(101) Marcel proved completeness disjoint themes and rhemes. hypothesis that the human processor has this character is called the “strict com-
NP: marcel (S\NP)/NP: prové (S\NP)\((S\NP)/NP) petetence” hypothesis (SCH).
: Ap.p completeness 5.10.2 Parentheticals One very simple processor adhering to this principle is based on the left-to-

—>T
S/(S\NP) : Af.f marcel
/(S\NP) While we will not discuss parentheticals in any detail here, it seems likely that right version of the Cocke-Kasami-Young (CKY) parser (see Harrison 1978),

they too should be defined in terms of information structural units. In most a bottom-up parser which fills the cells of aix ntable or half-matrix repre-
cases, the parenthetical intrusion itself appears at the boundary between thensenting all spans between positiqng) in a string ofn words.
and rheme, hence it is subject to the same constraints as intonational phrase The associativity of functional composition in interaction with type-raising

S\NP: Ay.provécompletenesg

S: provécompletenessiarcel

(102) Marcel proved completeness boundaries: potentially creates exponentially many multiple derivations for any given con-
NP : marcel NP)/NP: prové S/NP i i i i i i .
(S\NP)/NP:p A pst\:gn/mle)teneés (104) a. Marcel proved, so he claimed, the crucial property of completeness, Situent for a given span with a given sense or interpretation (the so-called

—>T « . PP .
S/(S\NP) : Af.f marcel b. *Three mathematicians, expostulated Harry, in ten derive a lemma. SPUOUS ambiguity” problem). It follows that such a parser will have expo-
S/NP: Ax.provex marcel >B nential computational costsnlesswe include a check that a newly-derived
category spanning, j) including its normalized logical forns not already

on the list int(i, j) before appending it, a suggestion first made by Karttunen
Crucially, these alternative derivations are guaranteed to yield the same predi- (1989).

cate argument relations, as exemplified by the logical form that results from Psycholinguistic evidence concerning performance can never prove or dis- :
! t th H all thi bei I, standard _ Such parsers have been shown by Komagata (1999) to be of roughly cubic
(101) and (102)provécompletenessarcel. It follows that c-command- prove a competence theory. However, all things being equal, standard assump

dependent phenomena such as binding and control can be captured at the Ievteif)ns about the desirability of parsimgny in scienti'fic theories.would Ie.a('i usto OZzZi\ll)il:ttiTaem:;??:g:;étzr:;n;:: gi;?ﬁefz:t:gid% rs?zggg)bg::z?
of logical form (Steedman 1991). However, the derivations build this logical expeFt Fhe human sentence processing mechanism to require the minimum OIF rate theirg racticalit’ as a basis for Iar, e-scale grammars ?nduced from cor-
form via different routes that construct lambda terms corresponding semanti-SpeCI_allzeOI apparatus over. and above the competence grammar _th_at suppor%ora P Y 9 g
cally to the theme and rheme. In particular the derivation (101) correspondsto(and s .presuma.lbly gete.rmlned by) the gemantlcs. To that extent, itis relevant’ Cu.bic time costs are still prohibitive for really large volume parsing and
the information structure associated with the intonation contour in (99), while 0 co'nS|der the |mp||c':at|ons for processing of the.present theory of grammgr, unrealistic as a model of thephuman arser wr)llich 2 ears to Fl;e IinSar time
derivation (102) corresponds to that in (100). despite the fact that like any competence theory, it stands or falls on linguistic o bettor For larae volume barsin pof te;<t cor orzp <tatistical opfimiza.

This observation can be captured by making pitch accents mark both argu_grounds.- ; : - - ion techr.1i ues integ ratin rol?abilisgc head-de eider;cies with cor: etence-
ments and results of CCG lexical categories with theme/theme maers The minimum apparatus besides competence grammar that is required fof a g ‘9 P ) p ’ P

. ) . ) processing consists of the characteristic automaton for the relevant class of@sed grammar of the kind proposed by Collins (1999) and Charniak, Gold-
as in the following category for a verb bearing an L+H* accent: grammars (including its possibly limited working memories), a minimal al- Water and Johnson (1998) are particularly well-adapted to CCG parsing. Clark
(103) proved :5(Sg\NRy)/NPy : AxAy.  provexy gorithm for applying the rules, and some memory for building interpretable (2002), Clark, Hockenmaier and Steedman (2002), Hockenmaier and Steed-
The predicate is marked as focused or contrasted by the * marker in the logicalStructure. Any extra apparatus such as rule-orderings or “strategies,” covering™2" (?OOZa), Hockenmaier. and Steedman (2002b)’_ H.ockenma‘ier. (2003a,b),
form. 8/p marking is projected onto the arguments and result of constituents grammars, and the like, is otiose. To the extent that such extra stipulations?nd Glldga and Hockenmaier (2003) show that statistically optimized CCG
by combinatory derivation. The boundary tones like LH% have the effect of are cross-linguistically universal, they complicate the problem of explaining P2rsers give rates of dependency recovery that are as good overall as state—.of—
completing information structural constituents, and transfering theme/rhemelanguage evolution. To the extent that they are language-specific, they do thdhe-art treebz_ank parsers, anq do better_on recovering !ong—range depe_:ndenmes
marking tof’ /p’ marking to constituent interpretations at logical form, as indi- Same disservice to the problem of explaining child language acquisition. For mod.ell.ng human parsing, there IS every |nd|c.at|on that §omethl|ng even
cated in outline in Figure 5.12. We will pass over further details of exactly how ~ The most restrictive hypothesis of all is that the processor involves no re- M°"® re'strlct.lve is needed. Beyers (1979) observatlf)n that nalve"subjects typ-
this works, referring the reader to Prevost (1995) and to Steedman (2000a)sources at all beyond the minimum specified above. Such processors are in'-_ca“y fail to find any grammatical analysis at a‘I‘I' for gardeT path” sentences
The latter paper generalizes this approach to the full range of tunes identifiedcapable of building intermediate structures other than those corresponding td'ke (105a) shows that the human processor is “incomplete
by Pierrehumbert, including those with multiple pitch accents and multiple or the constituents defined by the competence grammar, and for this reason the

S: provécompletenesmarcel 5.11 Implications for Performance: the Strict Competence Hypothesis
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(105) a. The doctor sent for the patient arrived. ory as the “referential” theory of disambiguation, and to claim that evidence can be separated from their verbs by long-distance dependencies similar ef-
b. The flowers sent for the patient arrived. of other incremental semantic effects on parsing contradicts this theory (Se-fects would be much more problematic, in effect requiring the parser to have
The fact that (as Bever also noticed) the same subijects typically judge the isodivy and Spivey-Knowlton 1993; Spivey-Knowlton and Sedivy 1995; Tanen- sophisticated predictive mechanisms and to build explicit or implicit partial
morphic sentence (105b) grammatical suggests that the human sentence pr61_aus and Trueswell 1995). However, the incremental semantic interaction thatstructures corresponding to non-constituent fragments.
cessor prunes the search space on the basis either of the relative likelihood dfrain and Steedman (1985) and Altmann and Steedman (1988) propose under Dutch, German and Japanese speakers greet with hilarity the suggestion that
noun phrases likéhe doctoror the flowerbeing dependent in relations like these principles is clearly with all aspects of meaning that contribute to seman-their languages prohibit any analysis until the verb group (in the Dutch bare
subject or object on verbs likeend for or the relative likelihood of the vari- tic plausibility — referential, sense-semantic, and knowledge-based. It shouldinfinitival construction, thesntire verb group) has been processed. Moreover,
ous logical forms corresponding to entire prefixes sucthaslowers/doctor also be noted that probability as reflected in statistical models used in com-there are a number of experimental results which are claimed to show effects
sent forin a particular context. In the case of (105a) this will cause the only putational linguistics represents a mixture of semantic and knowledge-basef early syntactic commitment. In particular, Gorrell (1995b,a); Inoue and
analysis compatible with the rest of the sentence to be rejected, causing thdelations bearing on plausibility, of very much the kind that we call for. Fodor (1995); Mazuko and Itoh (1995); Sturt and Crocker (1996); Kamide and
garden path. Crain and Steedman (1985) and Altmann and Steedman (1988) Since this theory was proposed, there has been considerable experimentd¥itchell (1999) show that Japanese speakers are committed to one analysis of
showed that manipulating the context for related sentences in such a way as t§vidence produced that this “weak semantic interactive” processing is indeedan ambiguity arising from the possibility of null anaphora in complex argu-
pragmatically support the modifier reading eliminates the classic garden paththe way that human sentence processors actually work, using experimentainent sequences, as revealed by garden path effects when a verb incompatible
effect. This fact suggests that the latter alternative is at work, rather than (or mMeasures of the time course of processing load as diverse as self-paced readth the preferred analysis is encountered. Konieczny et al. (1997) claim to
perhaps as well as) the former purely statistical mechanisms. ing time (Altmann 1985), eye-movements (Trueswell, Tanenhaus and Kello show a similar early committment for German. All authors relate these effects
These authors proposed a modification of the basic parser according 01 993; Trueswell, Tanenhaus and Garnsey 1994; Spivey-Knowlton, Trueswellto availability of caseinformation in these languages, a phenomenon whose
which each word was processed in a left-to-right traversal of the sentence andnd Tanenhaus 1993; Sedivy and Spivey-Knowlton 1993; Spivey-Knowlton resemblance to type-raising has already been noted.
rival analyses developed in parallel could more or less immediately be prunedand Sedivy 1995; Tanenhaus and Trueswell 1995) and ERP recording fromthe For example, Kamide and Mitchell (1999) note that in ambiguous sentences
under a “weak interaction” with an incrementally assembled semantic inter- surface of the brain itself (van Berkum, Brown and Hagoort 1999). like the following, in which the dative object of eithkasita‘lent’ or miseta
pretation according to the following principté: However, in terms of traditional grammar, both probabilistic and weak se- ‘showed’ could be a null anaphor, there is a bias (once the intrinsic preferences
mantically interactive interpretations of the plausibility effect on garden paths of the verbs are controlled for) in favor of the former reading—that is, for the
present a problem for SCH. If the parser is to take account of the incompati- explicit NP meaning 'the student’ to be attached to the higher verb (HA) rather
bility of flowersand the subject slot of the tensed verb readinggoit for this than the lower (LA):
information must become available beftine patients integrated. (Otherwise
Since plausibility could depend on reference to context among other factors,the processor would be able to “see” the incompatible weerived, and avoid

(106) The Principle of A Priori Plausibility
The analysis whose interpretation is most plausible in the current con-

text will be preferred.
(108) Kyooju-ga gakusee-ni toshokansisho-ga kasita mezurasii komonjo-o miseta

[Professor-NOM{student-DAT] librarian-NOM lent; unusual manuscript-ACC showed

this was expanded as including the following special case. the garden path in (105a).) ‘the professor showed [HA: the student] the unusual manuscript which the librarian had
(107) The Principle of Parsimony This means that the parser must implicitly or explicitly have access to the lent [LA: the student].
The analysis whose interpretation carries fewest unsatisfied but accom-Nterpretation or partial structure corresponding to the prefie flowers sent  Introducing disambiguating transitivesfashows early commitment to [] over
modatable presuppositions will be preferred. for.... Butthis substring is not a legal constituent according to standard gram- {} causing increased processing load as measured by self-paced reading time

mars. So SCH appears to be breached: the parser has built or thought abouwt the disambiguation poittrein (110):

) - ) building a relation that the grammar does not recognize via constituency.
sent for the patientarry presuppositions such as that there is more than one ) ) ) .
. . . . ) This may not seem to be a very serious problem in English, where the sub-
doctor in the discourse contest, in the null or unspecified context typical of .

| . ts th ill be di ferred. leading t d ths like th ject and verb are immediately adjacent and could be related by other means,
E:(ra)ilne(xl%esrg“)an S they will be dispreterred, leading fo garden paths fike ealbeit in violation of SCH. However in verb final languages characterized by

. . . ) . constructions like the Dutch example (2), in which arbitrarily many arguments
There is a misleading tendency in the literature to refer to the above the-

(Since restrictive reduced relative NP interpretations for phrasethié@octor
(109) Kyooju-ga gakusee-ni  toshokansisho-ga yabutta mezurasii komonjo-o miseta
[Professor-NOM student-DAT] librarian-NOM  tore unusual manuscript-ACC showed
‘the professor showed the student the unusual manuscript which the librarian had torn.’



46 Chapter 5 Combinatory Categorial GrammgDraft 4.0, August 10, 2003) a7 48 Chapter 5

(110) Kyooju-ga gakusee-ni  toshokansisho-ga kasita mezurasii komonjo-o yabuttzson of simplex clauses in isolation, provides a really salient antecedent for elsewhere.
Professor-NOMstudent-DAT librarian-NOM lent unusual manuscript-ACC tare the pronominal null anaphggpro at the level of logical form, namely the
‘the professor tore the unusual manuscript which the librarian had lent the student.’ professor”.S Moreover, (109) does not offanyexplicit possible antecedent for
Kamide and Mitchell claim that these results show that the processor is the matrix clause null anaphor. The preference for the interpretation of the rela-
committed to [] over{ } beforeencountering the subordinate clause verb, tive clause under these conditions might well swing towards “librariarpent
since the verbs alone are on average unbiased. Under standard grammaticédace’—or in CCG terms the logical formx.lend (pro’professof)x librarian’.
assumptions this would imply that the parser is in violation of SCH (since  The only obvious way to decide whether there really is the even earlier ~ 4. Everything that depends on relations of “c-command” (e.g. binding and

3. Efficient processing including weakly semantically interactive incre-
mental parsing remains possible and is compatible with rigorous ob-
servation of the strict competence hypothesis, even for head-final lan-
guages.

neither [Professor-NOM student-DAT] ngstudent-DAT librarian-NOM are committment hypothesised by Kamide and Mitchell is to do an experiment in control, quantifier scope) must be dealt with at the level of logical form
constituents under these assumptions). However, both are available as corthe style of Crain and Altmann, controlling the contextual appropriateness of (cf. Bach 1980; Lasnik and Saito 1984), with a consequent transfer of
stituents complete with interpretations under the various alternative derivationsthe [Professor-NOM student-DAT] angstudent-DAT librarian-NOM clus- responsibility for the grammar of bounded constructions to the lexicon.

that CCG allows (cf. (85)), and can therefore be compared without violating ter constituents via contextual narratives or the Japanese equivalent of ques-
SCH. (Such a comparison is likely to favor the former if only on probabilistic tions such a$Vhat manuscript did the professor show the studerstAVhat
grounds, since the order DAT-NOM is non-canonical in Japanese.) manuscript did the professor tear?

It would be pleasant to be able to take this result at face value, and claim it  If such an early committment by the processor is observed, it will be of in-
in support of a model of human sentence processing using CCG as the competerest that CCG allows such processors to adhere rigorously to the strict Comphonetic or phonological form, CCG is in broad accord with the principles of

. The modules of Phonological Form, S-Structure, and Intonational Struc-
ture are unified into a single surface derivational module.

In respect of the last point, in eliminating all intervening modules between

tence grammar under the strict competence hypothesis. We have already seqretence hypothesis, even for verb-final languages. the l\_/linima_list Program, a_dvocated by Chomsky _(1993' 1995) in recent years,
that both [Professor-NOM student-DAT] adstudent-DAT librarian-NON and in particular the version proposed by Epstein et al. (1998) (cf. Kitahara
are available as argument cluster constituents complete with logical forms un-5.12 Conclusion 1995), in Wh_'Ch itis proposed to equate Chomsky's operations Merge and
der alternative CCG derivations illustrated in (85) and (86). CCG therefore Move as a single operation. To the extent that both relativization (and other

provides everything that is needed for the parser to compare the analyses eiBecause of its very literal-minded adherence to the constituent condition onSO-called movements) and in-situ argument reduction are effected in CCG by
ther in probabilistic or semantic/pragmatic terms under the principle of a priori rules, and the consequent introduction of composition and type-raising, which € Same type-driven operation of functional application, it can be seen as for-
plausibility and its variants. project directionality specifications and other information from the lexicon Malizing this idea. Howeverit should be noted that in other respects the frame-
However, such a claim would be premature at this point. Kamide and subject to principles of slash inheritance and consistency, Combinatory Cat-Works are quite different. In particular, the meaning of the term “derivation”
Mitchell's interpretation of their result is based on a somewhat restrictive egorial Grammar abandons traditional notions of surface constituency in favor as used by Epstein etal. is quite different from the sense of that term used here
view of the possible parsing architectures. Under more liberal assumptions,of “flexible” surface structure, in which most contiguous substrings of a gram- and inSP.
a processor using a standard right branching grammar could produce these efnatical sentence are potential constituents, complete with a compositional se- The architecture of the theory that ensues can be summarized in the version
fects without making any committment until the subordinate verb is actually mantic interpretation, for the purposes of the application of grammatical rules. of the standard T- or Y- diagram shown in figure 5.12, in which the magers
encountered. If the processor can at that point without violating SCH tem-  The benefits of this move are the following. andp denote features marking elementary categories which permit the combi-
porarily build interpretable structure correponding to both null dative anaphor natory rules to project theme- and rheme- marking from accented words onto
and lexicalised dative argumentand compare the corresponding propositions— phrasal constituents. (The markéfsandp’ in the logical forms denote the
“librarian lentpro trace vs. “librarian lent studentracé—choosing the most corresponding semantic functions at the level of information structure, while
likely, then we cannot predict the preference from the off-line comparison of asterisks in logical forms mark focused or contrastive semantic elements de-

1. Coordination, Parentheticalization, and Intonation Structure can all be
handled with the same apparatus that is required fdrrhovement”
constructions such as relativization, using purely type-driven syntactic
rules that strictly adhere to the Constituent Condition on Rules.

“librarian lentpro manuscript” vs. “liorarian lent student manuscript,” which _ o _ ~ fving from V\'IOI’dS be«.arlng pitch-accents.) _ N _
Kamide and Mitchell show to be balanced overall 2. The rules of syntax are universal and invariant; lexical control over their  Although information structure further reduces to a fairly tradition (albeit
The reason we cannot predict it is that (109), unlike the offline compari- applicability allows the more powerful rules to be used in the contexts unordered) predicate-argument structur@fyormalization (essentially, func-

where they are needed while keeping them from causing overgenerationtional application of the terms), such a reduction is unnecessary both for the
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(Copestake, Lascarides and Flickinger 2001). See Baldridge and Kruijff (2002) for an
N . approach which integrates CCG with Hybrid Logic Dependency Semantics, and Villav-
Marcel f+RH?VLI|E_B/COMP|_I|‘*ETE’\II_E$S Chapter 5 icencio (2002) for one which uses Minimal Recursion Semantics within the context of
(] (] pe . . .
1. Besides those discussed in this volume, others in active use include Tree—AdjoiningUn'f'cat'on'Base_d Gener_allzed Categorial Grammar. _

Grammar (TAG, Joshi 1988 and Government-Binding theory itself (GB, a.k.a. Princi- 13. The semantics of this category, or rather category schema, is somewhat complex,
ples and Parameters, the Minimalist Program, etc., Chomsky 1981, 1995). and is omitted here.

2. Theindicated dependencies are those between semantically related arguments arigt. Combinatory rules like functional composition resemble a highly restricted (be-

Phonological Form

i predicates, rather than surface dependencies between verbs and NP arguments the@use they are type-driven rather than structure-dependent) class of “generalized” or
CCG Derivation Lexicon would be attributed on a VP analysis of the construction. However, in either case the “double-based” transformations of the kind proposed in Chomsky 1957.
/<\ DFOVfd =($\NB )INp *prove’ Dutch dependencies cross. 15. The analysis begs some syntactic and semantic questions about the coordination.
L+H 3. This conjecture has been challenged by Rambow (1994) and subsequently deSeeSSifor a more complete account.
fended by Joshi, Rambow and Becker (2000). 16. To the extent that both type-raising and case associate entities with roles in actions,
4. Notable exceptions are Goodall (1983, 1987) and Moltmann (1992). they are both akin to the psychologists’ notion of the “affordance” of a percept, as that

5. We believe that this was actually proposed by Mark Liberman at one stage. word is used by Gibson (1966) and his followers—see Steedman 2002.

6. A third class of combinatory rules relatedSabstitution Curry and FeysS com- 17. For two nodes to be identical, one must be a pointer to the other. Mere equality of
Information Structure binator, are ignored here. content is not identity.
(p’ Ap.p *completene$HB’ Ax*prove’ x marce) 7. 18. This category can be thought of as suggestive of a more involved strategy us-

There is an alternative “result on top” notation due to Lambek (1958), according to ) oY
ing the unary modalities of TLG. For example, we could assume, similar to Mor-

which the latter category is writteBia.

O[ill (1989) and Hepple (1990), that all categories from the lexicon are encapsulated
In unary modalities. For example, a transitive verb from the lexicon would appear

7y 8. The use of a hierarchy such as this as a formal device is optional, and instead coul
I
! as D,LEXO]EX((S\NPagr)/NP), and the category foitself would then be defined as

(Normalization) be replaced by multiple declarations of the combinatory rules.
7777777777777 oo 9. The fact that restrictions are not required under this formulation of CCG answers a | . i o )
} l common and long-standing criticism of the theory from researchers in the TLG commu- BjexOtex((S\NPssn)\ (i, Srex((S\NPssn) /NP))) instead of (37). For a derivation with-
! ! nity. However, there is an obvious duality between restricting rules as to the categoriesOut the reflexive, the unary modalities on the transitive category can be dropped (via
! prove’ completeness marcel ! that they may apply to, and restricting the categories themselves by distinguishing dif- TLG's residuation laws for unary modalities, which in CCG would be enacted using
! ! ferent modal varieties of slash — see Baldridge and Kruijff (2003) for an embedding of the unary ruIe:IilO]X = X) to allow the category to be used in the usual manner. Using
! ! the modal formulation of CCG within a version of CCG which permits rule restrictions. unary modalities in this manner would ensure that the categdhjrdés that Mary likes
Furthermore, while it is possible to define a TLG system that acts on the modalities andwould be(S\NPagr) /NP (lacking lexical unary modalities) and thus not be an accept-
Figure 5.3 categories described here (see Baldridge 2002), we do not here assume that the modallble argument for the category given aboveifself, thereby blocking ungrammatical
Architecture of CCG typed slashes are true implicational operators as they are in TLG. sentences such &8he dog thinks that Mary likes itself

10. This accords with the fact in TLG that, under the residuation laws, all modalities 19. For reasons discussed by Oehrle (1975), we should not assume that the predicate
have access to the base logic (in which the elimination rules correspond to CCG's appli-giVe is identical to that of the verb ihgave the flowers to Marceln fact, the binding

. . . . . cation rules). Note, however, that it would be entirely possible to devise modal settings facts force the assumption that the underlying predicatdarcel showed me/*myself
It follows that information structure is the only level of logical form that is i ;
y 9 in multi-modal CCG in which some modalities can be used with the composition rules to *me/myselfeverses the command relations between object and showee.

required and the only true representational level in CCG: since all rules are, .~ . o application. 20. The possibility of both extraction out of, and HNPS over, infinitival complements
purely type-driven and monotonic, and no rule depends upon derivational hiS'11. See Oehrle, this volume, for a deductive explanation within the Lambek framework means that they must have both unraised and raised categories.

tory, surface structures need not be built as explicit representations. CCG isof the relationship between categories and phrase structure labels. 21. Infact, a search on the internet turns up positive examples of such sentences, such
therefore a strictly monostratal theory that fully integrates coordination and 12. It is possible to bind arguments in semantic representations using mechanism as the following utterance by a native speaker of (Australian) Engliefas writing it

intonation structure into surface grammar. other than those of tha-calculus. For example, Steedman (1990), Zeevat (1988) %ecause_l Wa_ls wanted to wrlte, but I didn’t know what | wanted FO write .
’ and Hoffman (1995) employ unification for this purpose. The use oftealculus 22. Again, similar to what is noted in footnote 21, a search on internet comes up with

as the representation framework is also optional since interpretations can instead be erlenty of positive examples, such Btorgan was promised to receiv#2 million for
coded with other representation languages such as Indexed Languages (Zeevat 1988}€ Project in the next fiscal year
Hybrid Logic Dependency Semantics (Kruijff 2001) or Minimal Recursion Semantics 23. Bare passives are assumed to be derived by a similar rule which omity-Ee

theory of grammar and for the purposes of comprehension and production.
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and makes the subject at If the equivalensofmeone 35. Another is the student, but the accessibility hierarchy and extrapolation from En-
24. The feature-ANT can only be bound by the relative pronoun category, and ex- 9lish suggests that the matrix subject will be the default antecedent for the null anaphor.
cludes right node raising as theat and will live to be a hundred those apricots they
grow in the CaucasusThe precised mechanism is discusse8kand need not detain

us here. Baldridge 2002, 109-113, shows how the same “antecedent government” fea-
ture can more elegantly be brought under the control of a slightly richer set of slash
modalities, and thes would allow such conjunctions to be simplified as versions of
(VP\,VP)4VP and (VP/VP)\.VP. These categories allow extraction to take place

via the usual composition mechanism. They have the advantage over those in (66) of
also supporting a variety of ordinary non extracted “subordinating” VP coordinations,
with the same volitional causal semantics, via simple application, &airapricots

and live to be a hundredandGo to the store and buy apricots!

25. In more recent work, Dowty has disowned CCG in favour of TLG, because of
“intrinsic” use of logical form to account for binding phenomena that it entails, as
discussed above. See SSi for further discussion.

26. This appears to offer an advantage over non-type-raising accounts using the prod-
uct operatoe of Lambek (Pickering and Barry 1993; Dowty 1996).

27. Thea is a variable for a set of categories.

28. In this derivation, we suppress tfi¢ brackets around singleton sets to improve
legibility.

29. Itwould indeed be possible to give adjectives a permutative slash, and this is indeed
a necessary degree of freedom: possessive noun phrases in Turkish can be discontinu-
ous (Hoffman 1995), allowing orders akin to (79c) in addition to (79a).

30. This fact precludes any attempt to account for (89) in terms of forward crossed
composition, as in the following derivation:

(i) Naomi-o Ken-ga tazuneta
>T >T
S/(S\NPacc) S/(S\NPnom) (S\anom)\Nchc
>B
S\Npacc

>

S
31. See the discussion in Baldridge (2002) regarding extraction of the indirect and
direct object arguments of English ditransitives for an alternative which uses a more
complex set of slash modalities to allow extraction without scrambling.
32. The implementation is an open-source Java-based system and can be downloaded
fromhttp://openccg.sourceforge.net.
33. The much-abused term “focus” is used in CCG strictly in the “narrow” or phono-
logical sense of the term, to refer to the effects of contrast or emphasis on a word that
ensues from the presence of a pitch-accent.
34. This form of incrementality is weaker than those proposed by Hausser (1986) and
Phillips (1996, 2001), since it is limited by “islands” such as right-adjuncts, into which
composition cannot take place. Hausser's and Phillips notion of incrementality is by
contrast strictly word-by-word. (Phillips’ method of incremental structure-building is
in addition nonmonotonic.)
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Starting with Complex Primitives Pays Off:
Complicate Locally, Simplify Globally

Aravind K. Joshi

Department of Computer and Information Science, and Institute for Research in
Cognitive Science, University of Pennsylvania, Philadelphia, PA 19104, U.S.A.

Abstract

In setting up a formal system to specify a grammar formalism, the conventional
(mathematical) wisdom is to start with primitives (basic primitive structures) as
simple as possible, and then introduce various operations for constructing more com-
plex structures. An alternate approach is to start with complex (more complicated)
primitives, which directly capture some crucial linguistic properties and then intro-
duce some general operations for composing these complex structures. These two
approaches provide different domains of locality, i.e., domains over which various
types of linguistic dependencies can be specified. The latter approach, character-
ized as complicate locally, simplify globally (CLSG), pushes non-local dependencies
to become local, i.e., they arise in the basic primitive structures to start with.

The CLSG approach has led to some new insights into syntactic description,
semantic composition, language generation, statistical processing, and psycholin-
guistic phenomena, all these with possible relevance to the cognitive architecture of
language. In this paper, we will describe these results in an introductory manner
making use of the framework of Lexicalized Tree-Adjoining Grammar (LTAG), a
key example of the CLSG approach, thereby describing the interplay between formal
analysis on the one hand and linguistic and processing issues on the other hand.

Key words: domain of locality, non-local dependencies, lexicalized tree adjoining
grammar, nested and crossed dependencies, word order variation and scope
ambiguities, grammar architecture and psycholinguistic properties

1 Introduction

The conventional (mathematical) wisdom in specifying a grammar formalism
is to start with basic primitive structures as simple as possible and then in-
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troduce various operations for constructing more complex structures. These
operations can be simple or complex and the number of operations (although
finite) need not be limited. New operations (simple or complex) can be intro-
duced in order to describe more complex structures.

An alternate approach is to start with complex (more complicated) primitives,
which capture directly some crucial linguistic properties and then introduce
some general operations for composing these complex structures (primitive or
derived). What is the nature of these complex primitives? In the conventional
approach the primitive structures (or rules) are kept as simple as possible. This
has the consequence that information (e.g., syntactic and semantic) about a
lexical item (word) is distributed over more than one primitive structure.
Therefore, the information associated with a lexical item is not captured lo-
cally, i.e., within the domain of a primitive structure. We will illustrate this
in Section 1.1 in terms of the well-known context-free grammar (CFG) frame-
work.

In contrast, in the alternate approach described in this paper, we allow the
primitive structures to be as complex as necessary to capture all the relevant
information about a lexical item in the local domain of a primitive structure .
The kinds of information that need to be localized are as follows: (a) a lexical
item taken as a predicate has zero or more arguments, (b) the arguments need
to satisfy certain syntactic and semantic constraints, which are determined by
the lexical item, and (c) the arguments will occupy different positions relative
to the position of the lexical item. Hence, in the alternate approach, all the
pieces of information associated with a lexical item have to be represented in
the local domains of the primitive structures of the formal system. In Section
1.3, we will illustrate these ideas in terms of the lexicalized tree-adjoining
grammar (LTAG), a class of grammars that illustrates this alternate approach
by adopting it in its extreme form.

In this alternate approach, although the primitives are complex and there
may be more than one primitive structure associated with a lexical item, the
number of primitives is finite. Further, the combining operations are kept to
the minimum and they are language independent (i.e., universal). It will be
shown later that the alternate approach, which starts with complex primi-
tives and can be characterized as complicate locally, simplify globally (CLSG),
pushes non-local dependencies to become local, i.e., they are located in the
basic primitive structures to start with. In the conventional approach they are
spread out over one or more primitive structures. The architecture resulting
from the CLSG approach has important implications for linguistics, computa-
tional linguistics, and psycholinguistics, including generation and acquisition.
Some of these implications will be illustrated later by examples in Section 4.

We will discuss the various issues arising out of the CLSG approach in the



context of the formal system known as the Lexicalized Tree-Adjoining Gram-
mar (LTAG)!. LTAG and some of its extensions have been investigated both
formally and computationally for over twenty five years?. LTAG represents
a class of grammars that illustrates the CLSG approach by adopting it in an
extreme form and thus serves to bring out the payoffs of the CLSG strategy.
These payoffs are at least in the following key dimensions? .

e An extension of the notion of lexical ambiguity making it possible to unify
some ambiguities, conventionally treated as structural ambiguities, with the
usual lexical ambiguities, making them both lexical and leaving the other
ambiguities as the only structural ambiguities (pure attachment ambigui-
ties).

e Representation of scope ambiguities as attachment ambiguities in the syntax
itself, resulting in syntactic derivations that are underspecified by just the
right amount.

e Unification of even putative non-lexical information (which, in the conven-
tional approaches, is scattered across different primitive structures, struc-
ture transformation rules, and logical forms) in terms of the finite set of
primitive lexicalized structures of LTAG and the two combining operations
of substitution and adjoining.

This unification is the result of a notion of lexicalization. In the LTAG
conception of lexicalization, each primitive structure of LTAG is associated
with a lexical item and the structure not only encapsulates all and only
the arguments of the lexical anchor but crucially, also provides a structural
slot for each one of the arguments. It is this notion of lexicalization that

L There is another dimension in which formal systems can be characterized. One
could start with an unconstrained formal system (Turing machine equivalent, for
example) and then add linguistic constraints, which become in a sense, all stipula-
tive. Alternatively, one could start with a formal system that is constrained and just
adequate for describing language. The formal constraints then become universal, in
a sense. All other linguistic constraints become stipulative and language specific.
Now it turns out that the CLSG approach leads to constrained formal systems,
LTAG in particular. This convergence is of interest in its own right. However, in
this paper, we will not discuss constrained systems in their own right. Our focus will
be on the CLSG approach and its implications for the architecture of the grammars
and their processors.

2 See Joshi, Levy, & Takahashi (1975); Joshi (1985); Kroch & Joshi (1985); Vijay-
Shanker (1987); Weir (1988); Kroch (1989); Kroch & Santorini (1991); Schabes
(1992); Rambow (1994); Resnik (1992); Chiang (2000); Sarkar (2002); Abeillé
(2002); Prolo (2003).

3 Using the CLSG approach it is also possible to study directly many aspects of
strong generative capacity, in terms of the set of structural descriptions (i.e., sen-
tence structures), provided by a formal system and not just the strings (i.e., sen-
tences. The former are more relevant to the linguistic descriptions (Miller, 1999;
Joshi, 2003). This aspect is not pursued in this paper.

takes LTAG beyond other lexicalized grammars* and provides a notion of
locality that results in these payoffs.

By using simple examples to illustrate the formal aspects that are needed to
discuss various issues, I will try to communicate the interplay between formal
analysis on the one hand and linguistic and processing issues, on the other
hand, something that, I hope, is consistent with the criteria for the David E.
Rumelhart Prize. The work reported here is by no means a survey of all the
formal work related to language, computation, and processing; it is only a slice
from my particular perspective® .

The plan of the paper is as follows: in the remainder of Section 1 we will in-
troduce the notions of domain of locality and lexicalization in the context of
the well-known context-free grammars (CFG) and then show how lexicalized
tree-adjoining grammars (LTAG) arise in the process of lexicalizing CFGs
and extending the domain of locality. In Section 2, we will also show how
the architecture of the building blocks of LTAG directly predicts many com-
plex dependency patterns and then summarize some important properties of
LTAG. In Section 3, we will introduce two alternate perspectives for LTAG: (a)
supertagging and (b) flexible composition, and discuss their implications for
language description and language processing, and more importantly, their
psycholinguistic relevance in, Section 4. In this Section, we will also briefly
mention some other implications of the LTAG architecture from the linguis-
tic, computational, and psycholinguistic perspectives. Some of these issues are

4 For example, in a categorial grammar (CG) each lexical item is also associated
with an expression that encodes the arguments of that lexical item. However, in this
representation, the different structural positions occupied by the different arguments
are not shown in the primitive expression associated with the lexical item. These
positions implicitly arise in the course of the derivation. In this sense LTAG can be
viewed as a class of grammars emerging from the full use of the CLSG approach.

5 There are several formal systems that are clearly related to LTAG. Some
examples are Combinatory Categorial Grammars (CCG)(Steedman, 1996), Sta-
bler’s version of minimalist grammars (Stabler, 1997), Lexical Functional Gram-
mars (LFG)(Kaplan & Bresnan, 1983), Head Driven Phrase Structure Grammars
(HPSG)(Pollard & Sag, 1994), for a constrained version of HPSG, see Kasper,
Kiefer, Netter, & Vijay-Shanker (1995). Linear Indexed Grammars (LIG) by Gaz-
dar, and Head Grammars (HG) by Pollard, CCG, and LTAG have all been shown to
be weakly equivalent, i.e., in terms of the string sets they generate but not in terms
of the structural descriptions. These relationships have been discussed extensively
in Joshi, Vijay-Shanker, K., & Weir, D. (1991). CCGs are close to LTAGs, however,
LTAGs are fully lexicalized, in the sense that each elementary tree of LTAG not
only encodes the argument structure of the lexical anchor but also the structural
positions the arguments would occupy in minimal clauses. In this sense, the ele-
mentary trees of LTAG can be considered as structured categories (see Section 3
for supertags), see also Joshi & Kulick (1997).



discussed by other authors in this issue of the journal. Finally, in Section 5,
we will summarize the main issues concerning the CLSG approach.

1.1 Domain of locality of CFGs

In a context-free grammar (CFG) the domain of locality is the one level tree
corresponding to arule in a CFG (Fig. 1). It is easily seen that the arguments of
a predicate (for example, the two arguments of likes) are not in the same local
domain. The two arguments are distributed over the two rules (two domains
of locality)- S — NP VP and VP — V NP. They can be brought together
by introducing a rule S — NP V' N P. However, then the structure provided
by the VP node is lost. We should also note here that not every rule (domain)
in the CFG in (Fig. 1) is lexicalized.

CFG G S — NPVP DET — the

VP — V NP N — man/car

VP — VPADV V. — likes

NP — DETN ADV — passionately

S VP N N DET

NP VPP ADV N car the
/VP\ /NP\ \‘/ A‘DV
\" NP DET N likes passionately

Fig. 1. Domain of locality of a context-free grammar

The five rules on the right are lexicalized, i.e., they have a lexical anchor. The
rules on the left are not lexicalized. The second, the third and the fourth rule
on the left are almost lexicalized, in the sense that they each have at least one
preterminal category, (V' in the second rule, ADV in the third rule, and DET
and N in the fourth rule), i.e., by replacing V by likes, ADV by passionately,
and either DET by the or N by man, these three rules will become lexicalized.
However, the first rule on the left (S — NP V P) cannot be lexicalized, not
certainly by man.

Can a CFG be lexicalized, i.e., given a CFG, G, can we construct another CFG,
G, such that every rule in G’ is lexicalized and T'(G), the set of (sentential)
trees (i.e., the tree language of G) is the same as the tree language T'(G') of G'?
Of course, if we require that only the string languages of G and G’ be the same
(i.e., they are weakly equivalent) then any CFG can be lexicalized. This follows
from the fact that any CFG can be put in the Greibach normal form (see (Linz,
2001)) where each rule is of the form A — w B1 B2 ... Bn where w is a lexical

item and the B’s are nonterminals®. We call this weak lexicalization. The
lexicalization we are interested in requires the tree languages (i.e., the set of
structural descriptions) to be the same (i.e., strong equivalence). We call this
strong lexicalization. It is easily seen, even from the example in (Fig. 1), that
a non-lexicalized CFG cannot be necessarily strongly lexicalized by another
CFG. Basically this follows from the fact that the domain of locality of CFG
is a one level tree corresponding to a rule in the grammar (for detail see Joshi
& Schabes (1997)). In Section 1.2 we will consider lexicalization of CFG by
larger (extended) domain of locality.

Before proceeding further, it would be helpful to review certain definitions.
The primitive structures of a formalism (also called elementary structures
or elementary trees, as special cases) provide a local domain for specifying
linguistic constraints (pieces of linguistic theory) in the sense that if the con-
straints are specifiable by referring to just the structures that are associated
with the elementary structures then it is specifiable over the domain of these
elementary structures. Therefore, we refer to the domains corresponding to
the elementary structures as domains of locality. Formalism A is said to pro-
vide an extended domain of locality as compared to a formalism B if there is
a linguistic constraint which is not specifiable in the local domains associated
with B but which is specifiable in the local domains associated with A. The
goal of the CLSG approach is to look for a formalism which provides local
domains large enough so that, in principle, all linguistic constraints (pieces of
linguistic theory) can be specified over these local domains. In the conventional
approach (e.g., CFG based) the specification of a constraint is often spread
out over more than one local domain and thus the specification of a constraint
is intertwined with the how the local domains are composed by the grammar,
in other words, specification of a constraint will require specification of recur-
sion, resulting in an effectively unbounded domain. In contrast, in the CLSG
approach, we seek a system with extended (but still finite) domains of locality
capable of specifying the linguistic constraints over these extended domains.
Thus, recursion does not enter into the specification of the constraints. We
call this property as factoring recursion away from the domains of locality.

=

Fig. 2. Substitution

6 The Greibach form of the rule is related to the categories in a categorial grammar.



CFG G S — NPVP NP— Harry

VP— V NP NP—=  peanuts
vV — likes
TSG G ol S a2 NP a3 NP
/\
NP* VP pelnuts Harry
A
\Y NPy
|
likes

Fig. 3. Tree substitution grammar

1.2 Lexicalization of CFGs by grammars with larger domains of locality

Now we can ask the following question. Can we strongly lexicalize a CFG
by a grammar with a larger domain of locality? Fig. 2 and Fig. 3 show a
tree substitution grammar where the elementary objects (building blocks) are
the three trees in Fig. 3 and the combining operation is the tree substitution
operation shown in Fig. 2. The down arrows in Fig. 2 and Fig. 3 denote
the substitution sites. Note that each tree in the tree substitution grammar
(TSG), G’ is lexicalized, i.e., it has a lexical anchor. It is easily seen that G’
indeed strongly lexicalizes GG. However, TSGs fail to strongly lexicalize CFGs
in general. We show this by an example. Consider the CFG, G, in Fig. 4 and
a proposed TSG, G'. It is easily seen that although G and G’ are weakly
equivalent they are not strongly equivalent. In G, suppose we start with the
tree a; then by repeated substitutions of trees in G’ (a node marked with a
vertical arrow denotes a substitution site) we can grow the right side of a;
as much as we want but we cannot grow the left side. Similarly for as we
can grow the left side as much as we want but not the right side. However,
trees in G can grow on both sides. In order for a tree to grow on both sides,
the distance between the lexical anchor of a tree, a, and the root of the tree,
S, must become arbitrarily large. Substitution makes a tree grow only at the
leaves of the tree and cannot make it grow internally. Hence, the TSG, G’,
cannot strongly lexicalize the CFG, G (Joshi & Schabes, 1997). Thus, even
with the extended domain of locality of TSGs we cannot strongly lexicalize
CFGs as long as substitution is the only operation for putting trees together.

We now introduce a new operation called adjoining as shown in Fig. 5. Ad-
joining involves splicing (inserting) one tree into another. More specifically, a
tree 3 as shown in Fig. 5 is inserted (adjoined) into the tree o at the node X
resulting in the tree . The tree 3, called an auxiliary tree, has a special form.
The root node is labeled with a nonterminal, say X and on the frontier there
is also a node labeled X called the foot node (marked with *). There could be
other nodes (terminal or nonterminal) on the frontier of /3, the nonterminal

CFG G S —= SS (non-lexical)
S —= a (lexical)

TSG G ol S o2 S o3 g
‘S § S* ‘S )
a a

Fig. 4. A tree substitution grammar

a p i
X X
N
<~ B
*
X X
Fig. 5. Adjoining
CFG G s — ss
S — a
TSG G ol S o2 S o3 s

S
a
S
! ° " /\
S L
a S <€
Adjoining ol to o3 at the S node, we have Y and ‘
a

then adjoining ol at the Snodein Y indicated by an
arrow, we have v1.

L)

Fig. 6. Adjoining arises out of lexicalization

nodes marked as substitution sites (with a vertical arrow). Thus, if there is an-
other occurrence of X (other than the foot node marked with *) on the frontier
of § it will be marked with the vertical arrow and that will be a substitution
site. Given this specification, adjoining 3 to a at the node X in « is uniquely
defined. Adjoining can also be seen as a pair of substitutions as follows: The
subtree at X in « is detached, 3 is substituted at X and the detached subtree
is then substituted at the foot node of . A tree substitution grammar when
augmented with the adjoining operation is called a tree-adjoining grammar
(lexicalized tree-adjoining grammar because each elementary tree is lexically
anchored). In short, LTAG consists of a finite set of elementary trees, each lex-
icalized with at least one lexical anchor. The elementary trees are either initial
or auxiliary trees. Auxiliary trees have been defined already. Initial trees are



those for which all nonterminal nodes on the frontier are substitution nodes.
It can be shown that any CFG can be strongly lexicalized by an LTAG (Joshi
& Schabes, 1997).

In Fig. 6, we show a TSG, G’, augmented by the operation of adjoining, which
strongly lexicalizes the CFG, G. Note that the LTAG looks the same as the
TSG considered in Fig. 4. However, now trees o1 and «s are auxiliary trees
(foot node marked with *) that can participate in adjoining. Since adjoining
can insert a tree in the interior of another tree it is possible to grow both sides
of the tree a; and tree aw, which was not possible earlier with substitution
alone. In summary, we have shown that by increasing the domain of locality
we have achieved the following: (1) lexicalized each elementary domain, (2)
introduced an operation of adjoining, which would not be possible without
the increased domain of locality (note that with one level trees as elementary
domains, adjoining becomes the same as substitution since there are no interior
nodes to be operated upon), and (3) achieved strong lexicalization of CFGs.

ol s o2 s
NPy VP NP(wh) { s
/\
\Y; NPV NPV VP
\ /\
likes v NPY
transitive Iil‘<$ L

object extraction

Fig. 7. LTAG: Elementary trees for likes

B1 s B2 A
NPV VP \‘/ s*
V/\S* does

think
a3 NPy o4 NPy s NPV

who Harry Bill

Fig. 8. LTAG: Sample elementary trees

1.8 Lexicalized tree-adjoining grammars

Rather than giving formal definitions for LTAG and derivations in LTAG, we
will give a simple example to illustrate some key aspects of LTAG 7. We show
some elementary trees of a toy LTAG grammar for English. Fig. 7 shows two
elementary trees for a verb such as likes. The tree «; is anchored on likes
and encapsulates the two arguments of the verb. The tree s corresponds to
the object extraction construction. Since we need to encapsulate all the argu-
ments of the verb in each elementary tree for likes, for the object extraction
construction, for example, we need to make the elementary tree associated
with likes large enough so that the extracted argument is in the same elemen-
tary domain. Thus, in as, the node for NP(wh) (the extracted argument) has
to be in the tree for likes. Further, there is a dependency between the N P(wh)
node and the NP node which is the complement of likes (i.e, to the right of
V' dominating likes) and this dependency is local to az. The tree ag not only
shows that N P(wh) is an argument of likes but also that it is large enough to
indicate a specific structural position for that argument.

Therefore, in principle, for each ‘minimal’ construction in which likes can ap-
pear (for example, subject extraction, topicalization, subject relative, object
relative, passive, etc.) there will be an elementary tree associated with that
construction. By minimal we mean that all recursion has been factored away.
This factoring of recursion away from the domain over which the dependencies
have to be specified is a crucial aspect of LTAGs, as they are used in linguis-
tic descriptions. This factoring allows all dependencies to be localized in the
elementary domains. In this sense, there will, therefore, be no long distance
dependencies as such. They will all be local and will become long distance on
account of the composition operations, especially adjoining. This will become
clear as soon as we describe the derivation in Fig. 9.

Fig. 8 shows some additional elementary trees —trees as, ay, and as and trees
B1 and (5. The § trees with foot nodes marked with * will enter a derivation
by the operation of adjoining. The « trees enter a derivation by the operation
of substitution® .

A derivation using the trees as, as, a4, as, 01, and [y is shown in Fig. 9. The
trees for who and Harry are substituted in the tree for likes at the respective

7 In the actual LTAG grammar each node in an elementary tree is decorated with
attribute value structures (feature structures) which encode various linguistic con-
straints specified over the domain of an elementary tree. There is no recursion in
these feature structures. We omit these details here as they are not essential for our
immediate purpose.

8 This distinction between the two types of elementary trees is characterized in
LTAG in terms of initial trees (the « trees) and the auziliary trees (the 3 trees).
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NP(wh) | g7 NPy VP v s
NPy vp v s does
vV NP\L think substitution
-
‘ adjoining
likes ¢ mmmmmm-
@ NP} a4 NPY 5 NPY
who Harry Bill

Fig. 9. LTAG derivation for who does Bill think Harry likes

N P nodes, at node addresses 1 and 2.1 in as. The tree for Bill is substituted in
the tree for think at the N P node at the node address 1 in ;. the tree for does
is adjoined to the root node (address 0) of the tree for think tree (adjoining at
the root node is a special case of adjoining), see Fig. 10 for this intermediate
derived tree.

/S\
\V4 S
NP VP
does ‘ /\
Bill ~/ <

think
Fig. 10. Intermediate derived tree for [y adjoined to ;

Finally, the derived auxiliary tree (after adjoining 35 to /1) is adjoined to the
indicated interior S node of the tree aip at the address 2 in ay. This derivation
results in the derived tree for

Who does Bill think Harry likes

as shown in Fig. 11. Note that the dependency between who and the comple-
ment NP in s (local to that tree) has been stretched in the derived tree in
Fig. 11. It has become long distance. However, it started out as a local depen-
dency. A key property of LTAGs is that all dependencies are local, i.e., they
are specified in the elementary trees. They can become long distance as a re-
sult of the composition operations. Fig. 11 is the conventional tree associated
with the sentence.

11

NP s
‘ v s
who ‘
NP VP
does ‘ /\
Bill ~/ s
NP VP
think ‘ P
Harry v‘ I\‘IF
likes £

Fig. 11. LTAG derived tree for who does Bill think Harry likes

However, in LTAG, there is also a derivation tree, the tree that records the
history of composition of the elementary trees associated with the lexical items
in the sentence. This derivation tree is shown in Fig. 12. The nodes of the tree
are labeled by the tree labels such as ay together with its lexical anchor likes® .
The number on an edge of a derivation tree refers to the node address in a
tree into which either a substitution or adjoining has been made. Thus, for
example, in Fig. 12 the ag(who) tree is substituted at the node with address
1 in the tree as(likes), the tree (1 (thinks) is adjoined at the address 2 in the
tree an(likes), etc. Solid edges denote substitution and dotted edges denote
adjoining.

The derivation tree is the crucial derivation structure for LTAG. It records
the history of composition in terms of the elementary trees (primitive build-
ing blocks) of LTAG. The derived tree in Fig. 11 does not indicate what the
component elementary trees are for the final derived tree. It should be clear
that from the derivation tree we can always obtain the derived tree by per-
forming the substitutions and adjoinings indicated in the derivation tree. So,
in this sense, the derived tree is redundant.

Further, for semantic computation, the derivation tree (and not the derived
tree) is the crucial object. Compositional semantics is defined on the derivation
tree. The idea is that for each elementary tree there is a semantic represen-
tation associated with it and these representations are composed using the
derivation tree. Since the semantic representation for each elementary tree is
directly associated with the tree, there is no need to reproduce necessarily the
internal hierarchy in the elementary tree in the semantic representation (Joshi
& Vijay-Shanker, 1999; Kallmeyer & Joshi, 1999; Joshi, Kallmeyer, & Romero,
2003). This means that the hierarchical structure internal to each elementary
tree need not be reproduced in the semantic representation. This leads to the

9 The derivation trees of LTAG have a close relationship to dependency trees, al-

though there are some crucial differences. The semantic dependencies are the same,
however.
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so-called flat semantic representation. i.e., the semantic expression associated
with the sentence is essentially a conjunction of semantic expressions associ-
ated with each elementary tree!® . Of course, relevant machinery has to be
provided for scope information (for details see Kallmeyer & Joshi (1999)). The
semantics need not be compositional at the level of the elementary trees. It is,
however, compositional at the level of the derivation tree, i,e, at the level at
which the elementary trees are assembled. This aspect of the architecture is
also helpful in dealing with some of the non-compositional aspects, as in the
case of rigid and flexible idioms (see Abeillé (2002); Stone & Doran (1999)).

02 (likes)
1 : 21

2
I
I

o3 (who) Bl (think) o4 (Harry)
o .-~ 1
B2 (does) a5 (Bill)

Fig. 12. LTAG derivation tree

2 Some important properties of LTAG
2.1 Nested and crossed dependencies

The two key properties of LTAG are (1) extended domain of locality (EDL)
(for example, as compared to CFG), which allows (2) factoring recursion from
the domain of dependencies (FRD), thus making all dependencies local. All
other properties of LTAG (mathematical, linguistic, and even psycholinguistic)
follow from EDL and FRD. Roughly speaking, this follows from the fact that
since all dependent elements are encapsulated in each elementary tree, all
interesting properties of LTAG follow directly from the architecture of the
elementary trees. We will illustrate this by considering nested and crossed
dependencies. Fig. 13 shows an LTAG for nested dependencies. This is, of
course, a CFG represented as an LTAG. The elementary trees al and (1 are
both one level (depth one) trees and each tree encapsulates the two dependent
elements a and b, which are at the same level (depth). The tree v is obtained by

10 The general notion of flat semantics is related to the notion of minimal recursion
semantics (MRS)(Copestake, Flickinger, Sag, & Pollard, 1999). MRS has been used
in the semantic computation in the HPSG framwork. In the LTAG framework the
notion of elementary trees and the derivation tree which specifies the composition
in terms of the elementary trees directly provides a representation for computing a
flat semantics.
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starting with a1, then adjoining the tree 51 at the root node of a1, and then
adjoining another instance of $1 at the root node of the previously derived
tree. The indices on the dependent elements show the nested dependencies
in the linear string associated with 7. The rightmost tree in Fig. 13 is the
derivation tree. The nodes are labeled by the names of the elementary trees,
al and (1. Going bottom up on the derivation tree, 51 adjoins to another
instance of #1 at the address 0 in $1. Then, the derived 1 adjoins to al
at the address 0 in al. Once we have the derivation tree, the derived tree is
redundant, because it is the result of carrying out the compositions (in our
case, by adjoining) as depicted in the derivation tree.

Fig. 14, on the other hand, shows an LTAG for crossed dependencies. Here
the architecture of the elementary trees is different from the trees in Fig. 13.
Each elementary tree is of depth two and the two dependent elements a and
b in each elementary tree are not at the same depth, b is one level below a,
although both are in the same tree. The derived tree 1 is obtained as follows.
Starting with a1 and then adjoining 41 to the interior S node (as indicated
by an arrow) of al, we get 7. Then, adjoining another instance of 51 at the
interior S node (as indicated by an arrow) of -, we getyl. The indices on
the dependent elements show the crossed dependencies in the linear string
corresponding to 1. The rightmost tree in Fig. 14 is the derivation tree. This
derivation tree is identical to the derivation tree in Fig. 13, except that g1
in Fig. 14 is different from (1 in Fig. 13. Further, going bottom up on the
derivation tree, #1 is adjoined to another instance of F1 at the address 2 in
(1 and then the derived 1 is adjoined to a1l at the address 2 in al.

al

AN
/N

0
1
2§ w B
/ \ Derivation tree
b

ala2a3h3hb2bl (indices, shown for convenience, indicate nested dependencies)

Fig. 13. An LTAG for nested dependencies

Note that the composition operation of adjoining is the same in both the exam-
ples. Whether we get nested dependencies or crossed dependencies is directly
predicted from the architecture of the elementary trees. Nested dependencies
arise due to center embedding in English as in (1) and due to complement
embedding in German as in (2), (2’) shows the corresponding English word
order).

(1) The raty the caty chaseds atey the cheese

14
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Fig. 14. An LTAG for crossed dependencies

(2) Hansy Petery Maries schwimmeng lasseny sahy

(2') Hans saw Peter make Marie swim

Both (1) and (2) are examples of nested dependencies. However, they arise for
different reasons as we have stated above. This difference can be articulated
in the architecture of the respective elementary trees for (1) and (2). We will
not discuss this detail here but will comment on this issue in the context of
some processing issues discussed in Section 4.

Crossing dependencies arise due to complement embedding in Dutch (under
certain conditions) as in (3), (3’ shows the corresponding English word order).

(3) Jany Piety Maries zagy latens zwemmens

(3) Jan saw Piet make Marie swim
It is possible to obtain a wide range of complex dependencies by manipulating
the architecture of the elementary trees of LTAG, which result in combining
nested and crossed dependencies in complex manners. Such dependencies arise
due to complex word order phenomena such as scrambling and clitic movement

and also due to scope ambiguities. We will briefly describe these issues in
Section 4.

2.2 Some formal properties

We will list some important properties and describe them very briefly.
1. TAGs are more powerful than CFGs, both weakly and strongly, i.e., TAGs

not only generate more languages (strings) than CFGs (weak sense) but also
generate more structural descriptions (trees) than CFGs (strong sense). It is
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the strong power that is linguistically more relevant. Even if a language is
context-free, a TAG for that language can assign structural descriptions not
assignable by a CFG. Many complex word orders can be described as CFGs if
we are concerned with strings only. However, if we want to make sure that for
each string we have the correct structural description (i.e., correct semantics)
then we may need more power, in the strong sense, than that provided by
CFGs. We will pursue this issue in Section 4 in the context of a discussion of
competence and performance properties.

2. TAGs carry over all formal properties of CFGs, modified in an appropriate
manner, Thus, for example, the (worst case) parsing complexity of CFGs is
O(n?), polynomial in n, where n is the length of the sentence, while it is O(n®)
for TAGs.

3. CFGs are associated with pushdown automata (PDA) in the sense that for
every CFG there is an associated PDA which recognizes precisely the same lan-
guage which the corresponding CFG generates. Similarly TAGs are associated
with the so-called Embedded Pushdowm Automata (EPDA) (Vijay-Shanker,
1987).

EPDASs are a generalization of PDAs. In a PDA a move of the automaton is
determined by (a) the input symbol, (b) the current state of the automaton,
and(c) the topmost symbol on the stack. The result of the move takes the
automaton to a new state, pushing a new sequence of symbols on the top of
the stack or popping the topmost symbol from the stack.

In an EPDA, a move may add a specified number of stacks to the left or right
of the current stack. More specifically, a move of an EPDA is determined by (a)
the input symbol, (b) the current state of the automaton, and (c) the topmost
symbol on the (current) stack. The result of the move takes the automaton
to a new state, pushing a new sequence of symbols on the (current) stack
or popping the topmost symbol from the (current) stack, adding a specified
(by the move) number of stacks to the left and right of the (current) stack,
and pushing specified information on the newly introduced stacks. At the
end of the move, crucially, the stack pointer points to the topmost symbol of
the rightmost stack. It is this last requirement that makes an EPDA behave
much like a PDA. The rightmost stack after a move becomes the current stack.
During the moves of the automaton, if a stack becomes empty, we assume that
it is eliminated from the sequence of stacks. In Section 4, we will explore some
implications of the TAG-EPDA correspondence and the EPDA architecture
for certain complex dependencies for human sentence processing.

4. TAGs (more precisely, the languages of TAGs) belong to a class of languages

called mildly context-sensitive languages (MCSL). This class was proposed by
(Joshi, 1985) with a suggestion that natural languages lie in this class. This
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class was characterized by the following properties: (a) worst case parsing
complexity of a language in this class is polynomial, i.e., it is proportional to
n®, for some integer k and n is the length of the sentence. For CFGs k = 3
and for TAGs, k = 6, (b) grammars for languages in this class can charac-
terize a limited set of patterns of nested and crossed dependencies and their
combinations, (c¢) languages in this class have the constant growth property,
i.e., if the sentences of language are arranged in increasing order of length
then the difference between the lengths of successive sentences is bounded by
a constant, and (d) context-free languages are properly included in this class.

Property (a) just says that languages in MCSL are not too hard to parse.
Property (b) says that complex dependency patterns are possible but com-
pletely arbitrary patterns of dependencies are not permitted. Property (c)
captures the intuition that clauses have minimal lengths and a clause can be
built further by adding a bounded amount of material to it. A sentence is made
up of clauses and can be lengthened by adding a clause at a time. Property
(d) says that MCSL is a proper extension of CFLs. CFGs have already been
extensively used in formulating linguistic and computational theories, as well
as psycholinguistic processing accounts.

Over the past 20 years or so the MCSL hypothesis has generated very fruitful
research in comparing different linguistic and formal proposals, and discovering
some equivalences among formalisms, leading to a proper interplay of formal
frameworks, substantive linguistic theories, and computational and processing
paradigms.

5. Large scale wide coverage grammars have been built using LTAG, the XTAG
system (LTAG grammar and lexicon for English and a parser) being the largest
so far (for further details see (XTAG, 2002))* . In the XTAG system, each
node in each LTAG tree is decorated with two feature structures (top and
bottom feature structures), in contrast to the CFG based feature structure
grammars. This is necessary because adjoining can augment a tree internally,
while in a CFG based grammar a tree can be augmented only at the fron-
tier. It is possible to define adjoining and substitution (as it is done in the
XTAG system) in terms of appropriate unifications of the top and bottom
feature structures. Because of factoring recursion from the domain of depen-
dencies, there is no recursion in the feature structures. Therefore, in principle,
feature structures can be eliminated. However, they are crucial for linguistic
descriptions. Constraints on substitution and adjoining are modeled via these
feature structures (Vijay-Shanker, 1987). This method of manipulating fea-
ture structures is a direct consequence of the extended domain of locality of

1A large French grammar, FTAG is described in (Abeillé & Candito, 2002; Abeillé,
2002). Other sizable LTAG grammars exist for German, Hindi, and Korean. There
may be some others that I am not aware of at this time.
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LTAG.

3 Two alternate perspectives on LTAG

3.1  Supertagging

We will now describe a completely different perspective on LTAG. The ele-
mentary trees associated with a lexical item can be treated as if they are super
parts-of-speech (super POS (parts-of-speech) or supertags), in contrast to the
standard POS such as V (verb), N (noun) etc. Now, it is well known that lo-
cal statistical techniques can lead to remarkably successful disambiguation of
standard POS. Can we apply these techniques for disambiguating supertags,
which are very rich descriptions of the lexical items? If we can, then, indeed,
this will lead to almost parsing. This approach is called supertagging (Joshi
& Srinivas, 1994; Srinivas & Joshi, 1998).

In Fig. 15, two elementary trees associated with the lexical item likes are
shown. These are the same trees we have seen before. However, now we are
going to regard these trees as super part-of-speech (supertags) associated with
likes. Given a corpus parsed by an LTAG grammar, we can compute the statis-
tics of supertags, statistics such as unigram, bigram, and trigram frequencies.
Interestingly, these statistics combine not only lexical statistics but the statis-
tics of constructions (as represented by the elementary trees) in which the
items appear, thus combining lexical statistics with the statistics of the lin-
guistic environments in which the lexical items appear.

B1 NP B2 VP
Np* PP VP * PP
I‘3 NP P NP |
with with

Fig. 15. T'wo supertags for likes

Thus, for example, consider the string

The purchase price includes two ancillary companies

as shown in Fig. 16. The supertags associated with each word appear on top
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of that word. Some words have only only one supertag associated with them
and others have more than one. In the current system there are about 15-
20 supertags per word on the average, so there is a very high level of local
ambiguity. In Fig. 17, the same supertags are shown for each word; however,
for each word one supertag has been identified (in a box). This is the correct
supertag for this word, in the sense that this is the supertag associated with
this word in the correct parse of this sentence. Suppose we are able to find the
correct supertag for each word in this sentence by applying local statistical
disambiguation techniques, then for all practical purposes we will have parsed
the sentence. It is not a complete parse because we have not put the supertags
together, hence we call it an almost parse.

al o2 o3 o4 oS
B2 o6 o7 B4 o8
B1 o9 ol0 all B3 ol2 ol3
the purchase price includes  two ancillary companies

Fig. 16. A sentence with supertags for each word

ol o3 o4 oS5

o6 o7 [k
9 al0 al2 013

the purchase  price includes  two ancillary companies

- Select the correct supertag for each word -- shown boxed
- Correct supertag for aword means the supertag that corresponds
to that word in the correct parse of the sentence

Fig. 17. A sentence with the correct supertag for each word

A supertagging experiment was carried out using trigrams of supertags ' and
techniques similar to the standard POS disambiguation techniques (Joshi &
Srinivas, 1994; Srinivas & Joshi, 1998). The corpus used was the Wall Street
Journal Corpus (WSJ). With a training corpus of 1 million words and a test
corpus of 47,000 words, the baseline performance was 75% ( i.e., 75% of the
words received the correct supertag). The baseline corresponds to the case
when the supertag chosen for a word is just the most frequent supertag for this
word. We know from the performance of disambiguators for the standard POS

12 These are trigrams of supertags and not just trigrams of words or even words with

standard POS. These trigrams are trigrams of words, together with the supertags
associated with these words.
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that the baseline performance is 90% or better. The low baseline performance
for supertagging is due to the fact that the local ambiguity is very high (about
15 to 20 on the average) in contrast to the local ambiguity of standard POS,
which is about 1.5 for English. The performance of the trigram supertagger,
on the other hand, is 92%. The improvement from 75% to 92% is indeed very
remarkable. This means that 92% of the words received the correct supertag.
More recent experiments based on other machine learning techniques have
pushed the performance to about 93% (Chen & Vijay-Shanker, 2000; Shen &
Joshi, 2003).

Of course, more can be said about this supertagging approach. There are tech-
niques to improve the performance and to make the output look more like a
complete parse. We will not discuss these aspects; rather, we will talk about
the abstract nature of supertagging and its relevance to the use of the CLSG
approach. In supertagging we are working with complex (richer) descriptions
of primitives (lexical items in our case). The descriptions of primitives are com-
plex because we try to associate with each primitive all information relevant to
that primitive. Making descriptions more complex has two consequences: (1)
local ambiguity is increased, i.e., there are many more descriptions for each
primitive, however, (2) these richer descriptions of primitives locally con-
strain each other. There is an analogy here to a jigsaw puzzle—the richer
the description of each piece the better, in the sense that there are stronger
constraints on what other pieces can go together with a given piece. Making
the descriptions of primitives more complex allows us to compute statistics
over these complex descriptions but, more importantly, these statistics are
more meaningful because they capture the relevant dependencies directly (for
example, word-to-word dependencies, where each word is the lexical anchor
of some supertag, and word-to-construction dependencies). Local statistical
computations over these complex descriptions lead to robust and efficient pro-
cessing. Supertagging by itself is not full parsing. However, parsing a sentence
already supertagged is far more efficient (faster), on the average, as compared
to parsing without supertagging. Supertagging is thus an example of a local
computation on complex descriptions. Psycholinguistic relevance of supertag-
ging is described in Section 4.

These considerations are directly relevant to other domains, such as Al. We
can illustrate this by pointing out interesting relationships to the well known
algorithm in (Waltz, 1975) for interpreting line drawings. What Waltz did
was to make the descriptions of vertices more complex by adding information
about the number and types of edges incident on a vertex. Again there is an
analogy here to a jigsaw puzzle: the richer the description of a piece the better.
By making the descriptions of vertices more complex, the local ambiguity was
increased, for example, an L junction (a particular kind of junction in the
taxonomy of junctions of edges) has about 92 physically possible labelings.
However, local computations on these complex descriptions are adequate to
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rapidly disambiguate these descriptions, leading to efficient computation.
8.2 Flexible composition

In this Section, we will take a different perspective on the operation of ad-
joining and explore its implications for linguistic description. Psycholinguistic
implications are described in Section 4. In adjoining, we insert an auxiliary
tree, with the root and foot nodes labeled with X, into a tree at a node with la-
bel X. In Fig. 18 and Fig. 19, we present an alternate perspective on adjoining,
leading to the notions of multi-component LTAGs and flexible composition.

o ol: supertreeof o A
X

X

X

Fig. 18. Adjoining as Wrapping 1

a /al B Y
X X - gl
A T ~
. B
X

X
AN

Fig. 19. Adjoining as Wrapping 2

The tree a which receives adjunction at X can be viewed as made up of two
trees, the supertree at X and the subtree at X as shown in Fig.18. Now,
instead of the auxiliary tree 5 adjoined to the tree o at X, we can view this
composition as a wrapping operation-the supertree of « and the subtree of «
are wrapped around the auxiliary tree 3, as shown in Fig. 19. The resulting
tree 7 is the same as before. Wrapping of the supertree at the root node of
3 is like adjoining at the root (a special case of adjoining) and the wrapping
of the subtree at the foot note of § is like substitution. Hence, this wrapping
operation can be described in terms of substitution and adjoining. This is
clearly seen in the linguistic example in Fig. 20 and Fig. 21. The auxiliary
tree # can be adjoined to the tree o at the indicated node in « as shown in
Fig. 20. Alternatively, we can view this composition as adjoining the supertree
ay (the wh tree) at the root node of 3 and substitution of the subtree ay (the
likes tree) at the foot node of 3 as shown in Fig. 21. The two ways of composing
«a and [ are semantically coherent, in the sense that both ways of composing
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lead to the same semantics. The difference is that, in one case, (3 serves as the
function and « as the argument and, in the other case, the two components
of « (the supertree and the subtree of o at X) serve as the function and 3

serves as the argument 13 .
o s B s
NP(wh) | s “NP\l/ VP
NPy VP v s*
|
V/\NP think

| |
likes .

Fig. 20. Wrapping as substitution and adjunction 1
The wrapping perspective * can be formalized in terms of the so-called multi-
component LTAGs (MC-LTAGs). They are called multi-component because
the elementary objects can be sets of trees; in our examples, we have two
components (in which o was split). When we deal with multi-components,
we can violate the locality of the composition very quickly because the differ-
ent components may be attached ¥ (by adjoining or substitution) to different

13 Quch flexibility is also available in a CFG based system. Thus, in a CFG rule
A — BC, B can be treated as a function and C as the argument, resulting in
A, or alternatively, C' as the function and B as the argument, also resulting in A.
However, it is easily seen that this flexibility does not lead to any increase in the
strong generative capacity (no additional structural descriptions). This is so because
a CFG rule is essentially a string rewriting rule and we are composing essentially flat
structures. In an LTAG, we are composing larger structures (extended domains of
locality) and therefore, flexibility of composition can provide greater strong genera-
tive capacity. In a categorial grammar (CG), A, B, and C are structured categories.
Flexible composition (which is achieved by the operation of type raising) can give
additional structural descriptions but not to the extent that is possible in LTAG.
This is because, although both LTAG and CG encode the arguments of a lexical
item, in the LTAG elementary structures, the different positions occupied by each
argument are also encoded. It is this property of LTAG and the fact that in LTAG
we compose trees and not strings as in a CFG or CG that leads to the increased
strong generative power.

14 Readers familiar with categorial grammars will notice some similarity to the wrap-
ping rule in (Bach, 1988), which he introduced to relate the structure of persuaded
John to leave to the structure of persuade to leave John, the former derived from
the latter by an operation of wrapping. The wrapping operation we have defined is
much more general and involves structures far more articulated than those in CFG,
CG, and Bach’s wrapping rule.

15 We will use the term attachment as a cover term for both substitution and ad-
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likes e

Fig. 21. Wrapping as substitution and adjunction 2

nodes of a tree and these nodes may or may not be part of an elementary tree,
depending on whether the tree receiving the multi-component attachments is
an elementary or a derived tree. The obvious and natural way to preserve lo-
cality is to require that when the components of a multi-component tree (say,
all and «12) attach to a tree (say, §) then 3 must be an elementary tree,
i.e., a local domain. This requirement leads to what are known as tree-local
MC-LTAGs. It is known that tree-local MC-LTAGSs are weakly equivalent to
LTAGsS, i.e., we do not get increased weak generative power beyond LTAG.
However, they can give rise to structural descriptions which are not obtainable
by LTAGs, i.e., they are more powerful than LTAGs, in the sense of strong gen-
erative capacity (Weir, 1988). Thus, this alternate perspective leads to greater
strong generative capacity without increasing the weak generative capacity.

ol

o2
oll * o3 N o021
S S
N VP
Py /\ ws NP
ol2 NP A
A v NPy det NV
det NV ‘ ‘
‘ hates every
N
some ol N oS5
student course

Fig. 22. Scope ambiguity: An example

We will now present an example illustrating the use of this alternate perspec-

joining.

tive in characterizing the scope ambiguity in:

Some student hates every course

This ambiguity arises because in the above example, either some scopes over
every or vice versa, i.e., either ‘there is some student (say, s) who hates every
course’ or ‘for each course (say, ¢) there is some student (say, ) who hates that
course’; two different courses need not be hated by the very same student’.
This is illustrated in Fig. 22, Fig. 23, and Fig. 24 (Kallmeyer & Joshi, 1999).
In Fig. 22, we show a tree-local MC-LTAG for our example '®. The trees for
hates, student, and course are standard LTAG trees. The trees for some and
every are multi-component trees. For example, the tree a; for every has two
components, «ay; and iz, one of the components «y; is a degenerate tree
in this special case. The multi-component tree, ay, is lexically anchored by
some. Similarly, for the tree as for every. The main idea here is that the a;»
component corresponds to the contribution of some to the predicate-argument
structure of the tree for hates and the or;; component contributes to the scope
structure. Similarly for the two components of as.

Fig. 23 shows the derivation. The main point to note here is that the two
components of a; are attached (by substitution or adjoining) to as at the
appropriate nodes simultaneously. This composition is tree local as a3 is an
elementary tree. Similarly for the tree as. In this example, the two top com-
ponents a1 and ag; are attached to the same node (the root node) of as. 7
This may give the impression that the composition is non-local because once
a1 is attached to as we have a derived tree to which «y is attached. However,
the two components, a1 and ap; are degenerate and it can be shown that in
this case the composition of ap with a3 (after oy has been composed with ag)
is still effectively tree-local (Kallmeyer & Joshi, 1999).

It is clear in this example that as could have been attached to ag first and
then a; attached to as. Fig. 24 shows the derivation tree for the derivation
in Fig. 23. The numbers on the edges of the tree refer to the addresses for
the attachments. Note that both aj; and a9, the scope information carrying
components, are attached to ag at the same node. Thus, they could be attached
in any order (strictly speaking, a; and as could be attached to a3 in any order).

16 The component aq; is an auxiliary tree with just one node. Thus, in this case,
the root node and the foot node of this auxiliary tree are the same. The % on the S
node has the same meaning as the * on the foot node of an auxiliary tree.

17 In general, in a multi-component LTAG, multiple adjunctions to the same node
are not allowed as this violates the tree-locality and also takes the system beyond
LTAG. However, we are dealing here with a special case. The components entering
multiple adjunctions are degenerate. It can be shown that in this case the weak
generative capacity is still the same as for LTAGs.
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Fig. 23. Derivation with scope information
o3 (hates)
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o1 011
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Fig. 24. Derivation tree with scope underspecification

Hence, a7 will outscope s if agq is attached first and then a7 and vice versa.
The scope ambiguity is thus directly reflected in the derivation tree for

Some student hates every course

This is in contrast to all other approaches (which are essentially CFG based)
where the scope ambiguity is represented at another level of representation.
It is possible to represent in LTAG the scope ambiguity at the level of the
derivation tree itself because of the alternate perspective on adjoining, which
in turn is due to the extended domain of locality, a consequence of the CLSG
approach.

More recently, similar ideas have been explored in the context of other linguis-
tic phenomena such as scrambling and clitic climbing, both with respect to
linguistic coverage and certain psycholinguistic implications. A particularly in-
teresting result is that all word order variations up to two levels of embedding
(i.e., three clauses in all) can be correctly described by tree-local MC-LTAGs,
correctly in the sense of providing the appropriate structural descriptions (cor-
rect semantics). Beyond two levels of embedding, not all patterns of word order
variation will be correctly described (see (Joshi, Becker, & Rambow, 2002) for
details). Here, we will describe the main idea informally. Let us assume that
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we have three clauses, say, C1, C2, and C3, each clause can be a single LTAG
elementary tree or a multi-component TAG (MC-LTAG) tree set with two
components. We assume that the tree which involves a verb in C1 takes as
an argument the tree containing a verb in C2, i.e., C'l embeds C2, Similarly,
we assume that C2 embeds C3. Thus, we have here a situation of two levels
of center embeddings of complements. where C'1 embeds C2 and C2 embeds
C3. Now, it is possible to show (essentially by exhaustive enumeration) that,
using flexible composition, all word orders can be generated preserving the
embedding relationships, i.e., with correct semantics. Flexible composition al-
lows us to compose the clauses in three ways, preserving semantics, (1) C'3
with C2 and then the result with C1, (2) C1 with C2 and then the result
with C3, or (3) both C'1 and C3 into C1. This third mode of composition is
crucial to complete the proof. However, if we take four clauses, i.e., we have
three levels of center embeddings of complements, then it can be shown (again
by exhaustive enumeration) that there is at least one word order that cannot
be generated without violating the semantics. The "trick” of using the third
mode of composition described above does not work beyond two levels of cen-
ter embeddings of complement clauses. Its use leads to violation of semantics
for some cases. Some psycholinguistic implications of this result are discussed
in Section 4 (see also Joshi, Becker, & Rambow (2002); Kulick (2000)).

4 Processing issues

In this Section, we will discuss the implications of the TAG architecture for
certain processing issues. These pertain to (1) using supertags to make fine
grained distinctions between lexical and structural ambiguities and their rele-
vance to processing, (2) the relative processing complexities of certain embed-
ding constructions, and (3) a different perspective on competence performance
distinction.

4.1 Supertags in psycholinguistic models

Recently, there has been increasing convergence of perspectives in the fields
of linguistics, computational linguistics, and psycholinguistics, especially with
respect to the representation and processing of lexical and grammatical in-
formation. More specifically, this convergence is due to a shift to lexical and
statistical approaches to sentence parsing. The particular integration of lexical
and statistical information proposed in (Kim, Srinivas, & Trueswell, 2002) is
highly relevant from the perspective of the LTAG architecture. As we have
seen before in Section 3.1, LTAG associates with each lexical item one or
more elementary structures (supertags), which encapsulate the syntactic and
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associated semantic dependencies. The computational results in supertagging
as described earlier (Section 3.1) show that much of the computational work
of linguistic analysis, which is traditionally viewed as the result of structure
building operations, can be viewed as lexical disambiguation, in the sense of su-
pertag disambiguation. If the supertagging model is integrated in a psycholin-
guistics framework then one would predict that many of the initial processing
commitments of syntactic analysis are made at the lexical level, in the sense
of supertagging. The model proposed in Kim, Srinivas, & Trueswell (2002)
is an integration of the Constraint-Based Lexicalist Theory (CBL) (MacDon-
ald, Pearlmutter, & Seidenberg, 1994), where the lexicon is represented as
supertags with their distributions estimated from corpora as in the supertag-
ging experiments described earlier (Section 3.1).

For example, in this model, there is a distinction between the prepositional
phrase attachment ambiguity (PP ambiguity) as in (1) below

(1) I saw the man in the park with a telescope

and the PP attachment ambiguity as in (2) below

(2) The secretary of the general with red hair

In the first case, the PP (with a telescope) either modifies a noun phrase, the
man or a verb phrase VP, headed by saw. There are two supertags associated
with the preposition with, as in Fig. 25, one with the foot and root nodes being
NP (supertag (1) or both being VP (supertag $2). That is, the ambiguity is
resolved if we pick the correct supertag for with anchored on the preposition
with. Thus, this PP attachment ambiguity will be resolved at the lexical level.
However, in the second case, in both readings of (2) the supertag associated
with with is the one whose root and foot nodes are both NP. Thus, in this
case, the ambiguity will not be resolved at the lexical level. It can only be
resolved at the level when the attachment is computed.

The first PP attachment ambiguity is not really an attachment ambiguity. It
should be resolved at an earlier stage of processing. In the second case, it will
be resolved at a later stage. Similarly, the ambiguity associated with a verb

such as forgot, because it can take either an NP complement as in (3) below

(3) The student forgot her name

or a VP complement as in (4) below

(4) The student forgot that the homework was due today
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is a lexical (supertag) ambiguity and need not be viewed as a structural am-
biguity. Kim, Srinivas, & Trueswell (2002) present a neural net based archi-
tecture using supertags and confirm these and other related results.

4.2 Processing of crossed and nested dependencies

Context-free grammars (CFG) and the associated automata, pushdown au-
tomata (PDA) have been extensively used in modeling several aspects of sen-
tence processing. LTAGs are more powerful than CFGs both weakly, i.e., in
terms of strings they produce and strongly, i.e., in terms of structures they
produce. Further, LTAGs are associated with embedded pushdown automata
(EPDA) (see Vijay-Shanker (1987)), an extension of pushdown automata, i.e.,
for every LTAG, G, there is an EPDA, M that recognizes the language of G
and vice versa'® TAGs and EPDAs provide a new perspective on the relative
ease or difficulty of processing crossed and nested dependencies which arise in
center embedding of complement constructions. We repeat here the examples
of these constructions as discussed in Section 3.

(4) Hans, Petery Mariez schwimmeng lassens sahy
(5) Jan, Piety Marieszag, lateny zwemmens
(6) Jan saw Piet make Marie swim
In (4) we have the nouns and the corresponding verbs in a nested order in a

German construction and in (5) we have a crossed order in a related construc-
tion in Dutch. The indices on the nouns and verbs show these dependencies.

B EPDAs are thus a precise computational model for the languages of LTAGs. For
a brief description of EPDA, see item 3 in Section 2.2. Lack of space prevents us
from giving full details of this processing model.
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The English word order is shown in (6). These are called complement embed-
ding constructions because each verb is embedded in a higher verb of which it
is a complement, except, of course, the matrix (top level and tensed) verb, i.e.,
make is embedded in saw and swim is embedded in make, saw is the matrix
verb. In (4) and (5) we have center embedding of the complements. In the cor-
responding English construction as in (6) we do not have center embedding,
the complements are just iterated.

The main observation for our purpose is that Standard German prefers the
nested order and Standard Dutch prefers the crossed order!®. In the well-
known study by Bach, Brown, & Marslen-Wilson (1986) the authors investi-
gated the consequences of these differences between German and Dutch for the
processing complexity of sentences, containing either nested or crossed depen-
dencies. Stated very simply, their results show that Dutch is easier than Ger-
man. More specifically, in their study “German and Dutch subjects performed
two tasks—ratings of comprehensibility and a test of successful comprehension—
on matched sets of sentences which varied in complexity from a simple sentence
to one containing three levels of embedding”, three levels means three verbs
and three nouns, as in our examples above. Their results show “no difference
between Dutch and German for sentences within the normal range (up to one
level), but with a significant preference emerging for the Dutch crossed order.
These results in Bach, Brown, & Marslen-Wilson (1986) show that pushdown
automaton (PDA) cannot be the universal basis for human parsing mecha-
nism (as the authors themselves point out). They offer an explanation for the
inadequacy of PDA, based on the kinds of partial interpretations that the
nested and crossed dependencies allow the listener to construct. Their main
suggestion was “that the most important variable in successful parsing and
interpretation is not simply when information becomes available, but also what
you can do with that information when you get it.” Thus in (4) (German ex-
ample), when the deepest noun (noun phrase) and verb are reached (Marie
schwimmen), we have a verb and its argument, however, we do not know at
this stage where this structure belongs, i.e., we do not have a higher structure
into which we can integrate this information. Hence, we must hold this in-
formation until a higher structure becomes available. The same consideration
holds for the second noun and the second verb (Peter lassen).

In contrast, in (5) (Dutch example), we begin to build the matrix of higher
verbs as soon as the verb cluster begins, i.e., beginning with the matrix verb
zag and the corresponding noun argument which can be integrated, similarly
for the second noun and the second verb, and for the third noun and the third
verb. In this case, we do not create intermediate structures that do not have
a place to fit into. Thus, we first build the structure for the matrix verb into

19 Strictly speaking this word order appears in subordinate clauses. See also Kroch
& Joshi (1985); Kroch (1989); Kroch & Santorini (1991).
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which the next verb (with its structure) can be integrated, and similarly for
the last verb.

The nested dependencies in German permit integration of structures (inner-
most to outermost) in a context-free manner (hence processed by PDA) but it
is not possible to decide what to do with that information until the higher level
verb(s) become available. Therefore, PDA will not serve as a processing model
for the German case (even though the dependencies are nested) and, of course,
it will not serve for the Dutch case, because PDAs cannot model crossed de-
pendencies in the first place. Now, it turns out that EPDA can model both
crossed and, of course, nested dependencies and the interpretations can be
carried out in the way suggested in Bach, Brown, & Marslen-Wilson (1986),
i.e., when a noun verb structure is integrated, the structure to which it belongs
has already been created before (Joshi, 1990). We now introduce the follow-
ing measure® of complexity-maximum number of items (say, m) from the
input that have to be held back before the sentence parsing (interpretation)
is complete. In Joshi (1990) it is further shown that on this measure Dutch is
easier (smaller m) than German, in fact, approximately in the same propor-
tion as in the experimental data in Bach, Brown, & Marslen-Wilson (1986),
m for German is approximately twice that for Dutch. Further, linguistically
relevant TAG grammars for (4) and (5) correspond (in the formal sense of the
association between EPDAs and TAGs) to the EPDAs that correctly model
the processing of (4) and (5).

4.3 A new twist to the competence performance distinction

How do we decide whether a certain property of language is a competence
property or a performance property? This is an old question. Our main claim
in this Section is that the answer to this question is not given a priori. It
depends on the formal devices available to us for describing language. If a
formal device corresponding to the property is available then we are presented
with a choice. We can claim that the property as either a competence property
or a performance property. When there is no formal device available then we
are left with no choice but to treat the property as a performance property.

In the context of the LTAG framework, especially, the multi-component LTAG
(MC-LTAG), discussed in Section 3, this question has an interesting answer
when we look at a variety of word order phenomena, such as scrambling, clitic
climbing, and even scope ambiguities. Since the CLSG approach leads directly
to LTAG, the claim here is that it is the CLSG approach that leads to this

20 suggested by a measure used in Bach, Brown, & Marslen-Wilson (1986) for eval-
uating the complexity of comprehension.
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answer 2!

As a particular example, consider the phenomenon of scrambling (in German,
for example) as illustrated below. We repeat (4) in Section 4.2 as (7) below.

(7) Hans, Petery Maries schwimmeng lasseny sahy

The three verbs are in the standard order. However, it is possible, in principle,
to have the three nouns in any order different from the order in (7), keeping
the verbs in the same order as in (7). Thus (8) below is a scrambled version

of (7).

(8) Hansy Maries Peters schwimmens lassens sahy

Thus, in general, we can have

(9) P(Ny, Nay . N)ViVior..Vi

where P(Ny, Na,...N;) stands for some permutation of the & nouns. It is not
surprising that sentences involving scrambling from more than two levels of
embedding are indeed difficult to interpret and native speakers show reluctance
to accepting these sentences. This situation is reminiscent of the difficulty of
processing English sentences with more than two (or perhaps even more than
one) center embedded relative clauses, as in (10) below.

(10) The rat the cat the dog chased bit ate the cheese

Such a difficulty is characterized as a performance property, say, P, where P
is the property that beyond two levels?? of embedding the human processing
device, whatever it is, simply fails. Thus, in analogy to the center embedding
of relative clauses in English, we could say that in the case of scrambling,
processing difficulty (or failure to process) for sentences with center embedding
of complement clauses beyond two levels of embedding is also a performance
property, say (. From this perspective, both P and ) are seen as performance
properties and not properties of the respective associated grammars. We will
point out below that there is a very interesting difference between these two
cases.

21 The possibility of some other formal approach leading to a similar answer cannot
be ruled out. However, to my knowledge, no such formal approach is known so far.
22'We could set this level to one but this is not essential for the rest of the argument
of this section. I will keep the level at two in order to make it parallel to the
scrambling situation.
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Let us first consider the case of center embedding of relative clauses in English.
Is it possible to claim the property P is a property of a class of grammars,
say ' such that for all grammars in this class, P holds, i.e., for each grammar
G in T, up to two levels of embedding, G will assign correct (i.e, semantically
coherent) structural descriptions to all sentences, however, beyond two levels
of embedding, there is no guarantee that for all such sentences the grammar
will assign correct structural descriptions. If we can exhibit such a class I" then
we could claim that P is a competence property, i.e., it is a property of each
grammar in this class. In other words, for each grammar G in I' the property
P holds up to two levels of embedding only and then fails to hold, and the
failure is due to the inability of G to assign correct structural descriptions to
all sentences beyond two levels of embedding. The idea here is that this lack
of ability to assign correct structural descriptions (i.e., correct semantics) is
the reason for the processing difficulty.

Now, it turns out that we do not know whether such a class I" exists. The class
of finite state grammars F' will not do because although there is a grammar
in this class that will work up to two levels of embedding and then fail, there
is clearly another grammar that will work up to three levels of embedding,
another up to four levels, and so on. Thus, P does not hold for the class I'. We
could choose the class of context-free grammars (CFG), the next one in the
Chomsky hierarchy. In this case, an arbitrary number of center embeddings
will be permitted. This is because once we allow center embedding (thus nested
dependencies, which characterizes the class CFG) then we cannot put a bound
on the number of embeddings. Hence, the class CFG will not work for us also.
In fact, as far as we know, at present, there is no class of grammars which has
the property P23,

Since we cannot find a class of grammars with the property P we have no
opportunity to claim that P is competence property. So in a way, we have no
choice and we must conclude that P is a performance property 2* .

However, when we consider the case of scrambling from more than two levels of
center embedded complement clauses (see (9) above) we can actually exhibit
a class of grammars A which has the property that for each grammar in this
class, say, G, the property @ (the property corresponding to the property P
discussed above) holds, i.e., for each grammar G in this class, G will assign
correct structural descriptions to all sentences with scrambling from up to
two levels of embedding; however, beyond two levels of embedding, there is no

23 Obviously, we cannot limit our search to the grammars in the Chomsky hierar-
chy. Any class of grammars defined in a formal framework is a possible candidate.
However, to my knowledge, we do not have such a candidate at present.

24 Miller & Chomsky (1963) were the first to discuss the relationship between formal
grammars (and associated machines) and center embedding of relative clauses in
English. Since then a large number of publications on this issue have appeared.
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guarantee that G will assign correct structural description (correct semantics)
to all such sentences. In other words, syntax allows for arbitrary number of
levels of embedding but beyond two levels of embeding, correct semantics is
not guaranteed for all sentences with more than two levels of embedding. It is
shown in (Joshi, Becker, & Rambow, 2002) that the class of multicomponent
LTAG (MC-LTAG) is such a class, i.e., it has the property Q.

So, now, we have an opportunity to claim that @) is a competence property,
i.e., the difficulty of processing sentences with scrambling from more than two
levels of embedding can be characterized as a property of the grammar. Note
that the claim here is not that we must conclude that () has to be a competence
property. The claim is that we are presented with a choice. We can claim @ to
be a competence property by adopting A (the class MC-LTAG) as the class
of grammars for describing scrambling from center embedded complement
clauses or we can continue to follow the traditional wisdom (as we did in the
case of center embedding of relative clauses in English) and say that Q is a
performance property. As far as we know, this is the first example of a situation
where we have an opportunity to claim a particular processing difficulty as a
competence property.

For the case of center embedding of relative clauses, we had no choice as we
are unable to exhibit the relevant class of grammars, I'. Structurally, center
embedding of relative clauses in English is a different phenomenon as compared
to the center embeddings of complement clauses in German. Whether this
difference has something to do with the conclusion we have just reached is an
open question. The class MC-LTAG does not work for the center embeddings of
relative clauses in English, as can be seen in (7) above which, mathematically,
looks the same as arbitrary number of center embeddings of relative clauses
as in English.

To sum up, we have discussed the following issue: How do we decide whether
a certain property of language is a competence property or a performance
property? We showed that the answer to this question is not given a priori. It
depends on the formal devices (formal grammars and machines) available to
us for describing language. We showed that in the case of center embedding of
relative clauses in English, we were forced to conclude that the property that
sentences with more than two levels of embedding are difficult to interpret is
a performance property and not a competence property. In contrast, for the
case of scrambling (as in German), with respect to a corresponding property
we can indeed exhibit a class of grammars such that, for all grammars in this
class, the corresponding property holds. Thus, we are given the opportunity to
claim this property to be a competence property, rather than a performance
property. To the best of our knowledge, this is the first such case where a
choice of this kind is presented. The lack of such a choice before this case was
discovered has led to the traditional assumption that all properties similar to

33

the processing difficulty associated with center embedding of relative clauses
in English should be treated as performance properties. Our main conclusion
is that this assumption is not justified at all!

To avoid any misunderstanding, let us restate the main claim as follows. We
are not claiming that by finding an appropriate class of grammars we can
conclude that a property associated with processing difficulty automatically
becomes a competence property. What we are claiming is that in this case
we are presented with a choice. Without an associated class of grammars, we
have no choice but to regard the property as a performance property. Until
the appropriate class of grammars associated with the property discussed in
this section (property Q) was discovered, we had no choice. Now we have a
choicel

4.4 Related work on processing

Implications of the LTAG architecture have been explored in the areas of
language acquisition and production (generation). Frank (1998) has studied
structural complexity and the time course of grammatical development. He
attempts to relate children’s difficulties with certain constructions to the pro-
cessing load and representational complexity in the context of a particular
view of syntactic representation, which is derivable from the TAG architec-
ture. Ferreira (2000) presents a perspective on production that relates the
TAG architecture to a range of experiments about production.

Insights from the LTAG theory have been extended to the domain of discourse
structure, primarily by treating discourse connectives as lexical anchors of
LTAG like trees at the discourse level, thereby, blurring the line between sen-
tence level and discourse level descriptions. This work is described in a series
of recent papers (Webber, Joshi, Knott & Stone, 1999; Forbes, Miltsakaki,
Prasad, Sarkar, Joshi, & Webber, 2001; Webber, Stone, Joshi & Knott, 2003).

5 Summary

We have described an approach to formal systems where we start with com-
plex (rather than simple) primitive structures, complex enough to localize all
relevant properties of lexical items. Under this approach (characterized as the
CLSG approach—complicate locally, simplify globally), the grammar is charac-
terized by the (finite) set of primitive structures together with two combining
operations (substitution and adjoining), which are universal. Specification of
the finite set of primitives is the linguistic theory, in a sense. We have illus-
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trated the formal, linguistic, and computational consequences of the CLSG
approach in the context of the formal system known as the Lexicalized Tree-
Adjoining Grammar (LTAG) and some of its variants. We have also discussed
the implications of this approach for several psycholinguistic issues. In gen-
eral, under this approach, several important properties of language arise as
corollaries of the formal system and therefore, they are not stipulative. Thus,
this research is an example of productive interplay between formal analysis on
the one hand and linguistic and processing issues on the other hand.
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