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Introduction

The main goal of this thesis is the definition of a grammatical formalism
that natively takes into account the incremental nature of human language
processing. Models of human language processing usually account for the
incremental nature at the performance level. This work addresses the issue of
incrementality at the competence level by devising a grammatical formalism
that relies upon a dynamic process in the derivation of language strings. In
particular, the formalism is a dynamic version of Tree Adjoning Grammar.
The thesis is organized in four chapters.

In the first chapter we introduce the motivations that support our ap-
proach and we introduce the basic features of a dynamic version of TAG
(DVTAG). We describe three psycholinguistic experiments related to incre-
mentality, and some arguments from theoretical syntax and NLP that sup-
port incremental analysis of human language. We encode our hypothesis
about incrementality in three assumptions: incrementality-in-competence,
strong incrementality, and adjoining to factorize recursion. We describe the
dynamic approach, a framework to define grammatical formalism. Then,
we introduce DVTAG, describing the key features of the formalism. At the
end of the chapter we also introduce the notion of mildly context sensitive
languages, which is related to the generative power of DVTAG.

In the second chapter we analyze the generative power of DVTAG. First,
using the dynamic grammars framework, we provide a formal definition of
DVTAG. We use some notions borrowed from parsing literature, i.e. dotted
tree and fringe. In the second part of the chapter we compare the formal
power of DVTAG and LTAG. In particular we show that DVTAG is strongly
equivalent to dynamic LTAG, a subclass of feature-based LTAG constrained
by the strong connectivity hypothesis. We also show that for each tree lan-
guage generated by a finitely ambiguous context-free grammar there is a
DVTAG that generates the same tree language. At the end of the chapter
we summarize the relations between LTAG, DVTAG and CFG proving that
DVTAG is mildly context-sensitive.

In the third chapter we analyze some linguistic issues in DVTAG. On
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the basis of the formal results of the first chapter, we consider a number of
linguistic constructions that seem to be problematic for DVTAG. In partic-
ular we show that some LTAG languages can be derived in DVTAG using
an alternative analysis. In the second part of the chapter we consider the is-
sue of extracting the lexical dependencies from a DVTAG derived structure.
We describe a mechanism that allows us to directly extract a dependency
structure from the constituency derived structure.

In the fourth chapter we describe some exploratory experiments to test the
applicability of DVTAG in a real context. We analyze the issue of building
a wide coverage DVTAG. First, we consider the issue of translating a hand
written LTAG into a DVTAG by referring to the XTAG system. Second, we
consider the issue of extract a DVTAG from a treebank. We provide some
results about the properties of the DVTAG produced in these two alternative
ways.
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Chapter 1

Incrementality and DVTAG

This chapter concerns the definition of the basic features of a dynamic gram-
matical system, that models incrementality of natural language as part of
competence.

In section 1.1 we explain the motivations that support our project, i.e.
the definition of a new grammatical formalism, DVTAG, that explicitly takes
into account the incrementality of natural language. In particular we focus
on three experiments that in different ways support the hypothesis that lan-
guage is processed by humans in an incremental fashion (experimental mo-
tivations). Then we describe the key issues of some syntactic theories that
use incrementality to explain some theoretical syntax phenomena (theoreti-
cal syntax motivations). At the end of the section we consider two practical
tasks that takes advantage of incrementality.

In section 1.2 we summarize the hypotheses that we fulfill into the def-
inition of DVTAG. Assuming some basic hypotheses about the architec-
ture of natural language systems (modularity of syntax-semantic analyzers,
competence-performance distinction), we provide a schema to classify the
various approach to model incrementality. We use this schema to summarize
two basic assumptions of DVTAG. These assumptions are the incremental-
ity in competence hypothesis, i.e. that all the mechanisms concerning
incrementality are specified in the grammar, and the strong connectivity
hypothesis, i.e. that the parser produces fully connected intermediate struc-
tures in the analysis. Then we introduce the family of TAG formalisms, and
describe their basic properties. This allows us to provide the third assump-
tion fulfilled by DVTAG, the adjoining factorizes recursion hypothesis,
i.e. that DVTAG uses the adjoining mechanism to factorize recursion.

In section 1.3 we introduce the framework of dynamic grammars. We
review the basic features of this framework and we compare them with respect
to the assumptions of DVTAG introduced above. At the end of the section
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we introduce DVTAG in the dynamic grammars framework, and we give an
example of DVTAG derivation.

In section 1.4 we introduce the class of mildly context sensitive grammars.
In the next chapter, after having provided a formal definition of DVTAG, we
prove that DVTAG belongs to this class.

1.1 Motivation for incremental models of lan-

guage processing

It is a commonly accepted opinion that the processing of natural language
is incremental, but there is a debate about exactly how natural language is
incremental. We analyze incrementality along three different lines. First,
we describe some psycholinguistic experiments about incremental analysis
of natural language. Second, we point out the central role played by incre-
mentality in some theories of syntax. Third, we provide some applicative
motivations to model incrementality in language processors.

Experimental data

Incrementality is a basic feature of the human language processor. There is
an introspective psychological evidence that humans build-up interpretations
of the sentences before to perceive the end of the sentence. In the last years
there have been several experiments that have confirmed this hypothesis and
have provided some objective data to conjecture how much incremental is
language processing. We report here three of these experiments. The first
one is described in [MW73], and is possibly the earliest experiment in this
field. The second and the third experiments are two recent works designed
precisely to test the incremental nature of the human syntactic analyzer
[KAH03], [SL04b]. The results of these experiments provide the experimental
motivations to formulate the DVTAG assumption of strong incrementality.

Shadowing experiment

One of the best known experiments that supports the incremental nature of
human language processing is described in[MW73]. The task performed is
called shadowing : a hearer has to repeat quickly and exactly what he hears
in a headphone. Usually hearers are able, after some training, to follow the
sentence with a delay of 250 milliseconds per word. This period of time
is roughly the time necessary to spell a syllable, then for words with more
syllables, the subjects were able to begin the spelling of a word, before they
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finished to hear completely the word. In one particular experiment performed
by Marslen-Wilson, the hearers had to repeat a sentence that had a mistake
in it: one word of the sentence was substituted with a meaningless word, or
with a word semantically (or pragmatically) non related with the sentence.
All the replaced words were three syllables long, and the wrong words were
built substituting one of the three syllables. For instance the word company
can be replaced the meaningless word comsiny. When the mistaken word
was obtained by changing the second or the third syllable, the subjects often
repeated the sentence “correcting” the wrong word, for instance spelling the
word company instead of the mistaken word comsiny. Moreover, the word
used to correct the sentence is related to the semantic content of sentence.

So summarizing, the subjects of the experiment were able to substitute
the meaningless word or the semantically non-related word with a semanti-
cally related word, and the correct word was built by using the first syllable
of the mistaken word. There are two basic results that one can obtain from
this experiment. First, the subjects used the phonological, syntactic, seman-
tic information of the first part of sentence to correct the wrong word as
soon as the mistake was perceived. In particular, the semantic plausibility of
the corrections supports the hypothesis that all the words in the first part of
the sentence are already semantically connected. Second, the subjects used
the available information about the word (the first syllable) to build a new
correct word. This experiment supports models that allow to use all the
phonological, syntactic and semantic information accessible about the sen-
tence. This information can be derived from the stimulus, that is from the
part of the sentence that is already analyzed, or from the prior knowledge
of the hearer. This experiment does not explain the different role played by
syntax and semantics in the interpretation.

Head-final language experiment

An experiment that focuses on the role of the syntactic analyzer in the sen-
tence interpretation is described in [KAH03]. The experimental paradigm
used in this work is the visual-world environment. The subject of the ex-
periment has to look on a screen where some pictures appear. At the same
time, the subject hears on a headphone a sentence concerning objects and
persons in the picture. The eye movements of the subject are recorded by
an eye-tracking device. The basic idea of the experiment is that an “antic-

ipatory eye movement is evidence for a predictive processing”. An
anticipatory eye movement is a movement of the eyes toward an object that
has not been mentioned yet. A predictive processing is “the process such
that thematic dependencies can be established prior to the point at which
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those dependencies are unambiguously signaled within the linguistic input”.
In other words, an eye movement toward objects that are not present in the
segment of sentence already heard, can be interpreted as a prediction of the
thematic role that the object will play in the final sentence. The third exper-
iment described in this work is particularly relevant to model the behavior of
the human syntactic analyzer. This experiment involves Japanese sentences.
The Japanese is a head-final language that uses case-marking. The standard
sequence for di-transitive sentences is: “NP-nom NP-dat NP-acc VERB”
(with obvious abbreviations for case-marking). The objects and the persons
involved in the two test sentences and drawn in the picture were a waitress, a
customer and a hamburger. In the first sentence the customer plays a dative
role in the sentence (1.1 below), in the second sentence the customer plays
an accusative role (1.2 below).
Dative Condition:

(1.1)

of semantic information independently of any syntactic

processing. Did that combination entail a structural

commitment by the processor in respect of the pre-ver-

bal noun phrase functioning as the subject of the verb?

This questions is not unrelated to the question of whe-

ther the processor might have projected syntactic

structure at the verb that corresponded to the hitherto

unencountered post-verbal direct object. Did the pro-

cessor anticipate the Theme in Experiment 2 on the basis

of structural sensitivities, or on the basis of semantic

sensitivities? Of course, there may be little difference

between the two if semantics is a reflection of the co-

occurrence of words (or objects) and their contexts (cf.

experiential approaches to semantics; e.g., McRae et al.,

1997; and see Altmann, 1997). Experiment 2 does not

address whether the basis of the anticipatory behavior

observed there was structural as well as semantic.

In Experiment 3, we address directly the issues of

structural sensitivity and verb-specificity. We turn to the

processing of the verb-final language Japanese and ex-

plore whether, in 3-NP sentences, the syntactic case-

marking on the first two noun phrases (NP1: subject;

NP2: indirect object) can be used to anticipate the se-

mantic properties of whatever might subsequently occur

as a third noun phrase (NP3: direct object) in the se-

quence NP1–NP2–NP3–verb. If NP1–NP2 combina-

tions can predict NP3 in Japanese, we would have direct

evidence that the prediction of a verb�s arguments do not

necessitate the verb itself. Moreover, if the case-marking

on the NP1–NP2 combination determines the predic-

tion, we would have direct evidence that syntactic in-

formation interacts with real-world knowledge during

the formulation of the prediction.

Experiment 3

In Japanese, all arguments of the verb appear prior to

the verb. For example, consider the following example:

(7)

syoojo-ga neko-ni sakana-o yatta.

girl-nominative cat-dative fish-accusative gave.

The girl gave the fish to the cat.

In (7), all three of the verb�s arguments come before

the verb, and as is typical with head-final languages,

each argument is case-marked (in Japanese, the case-

marking is not a nominal inflection but rather a post-

nominal particle). If verb�s are the driving force behind

predictive processing, there should not be any oppor-

tunity in Japanese constructions such as this for

predictive processing of forthcoming arguments. In

contrast, it is nonetheless possible that the processor can

use information appearing prior to the verb in order to

predict properties of forthcoming items: For example,

the information extracted from �girl-nom� and �cat-dat�

(henceforth, we abbreviate the case-markers) suggests

that it is likely that the girl serves as the Agent and the

cat serves as the Goal in the event being described by the

sentence. Two sources of information can then be used

to predict properties of an upcoming Theme: first, the

vast majority of sentences in Japanese beginning �NP1-

nominative NP2-dative� signal a 3-NP construction in

which an accusative NP3 will follow prior to the sen-

tence-final verb. Consequently, the processor can antic-

ipate a verb that denotes an act of transference from the

Agent (manifested linguistically as NP1-nominative) to

the Goal (NP2-dative), with the subsequent Theme

(anticipated as NP3-dative) being whatever was trans-

ferred. Knowledge of the real world contingencies that

involve cats might enable the processor to predict fur-

ther that whatever will appear as Theme will be some-

thing plausibly transferred to cats by girls.

Experiment 3 uses the visual-world paradigm to ex-

plore pre-head (i.e., pre-verb) prediction in Japanese. An

example material set to accompany the visual scene

shown in Fig. 5, panel A is as follows (Fig. 5, panel B

indicates the critical regions for data analyses as we shall

discuss below).

(8) Dative condition.

weitoresu-ga kyaku-ni tanosigeni hanbaagaa-o ha-

kobu.

waitress-nom customer-dat merrily hamburger-acc

bring.

The waitress will merrily bring the hamburger to the

customer.

(9) Accusative condition.

weitoresu-ga kyaku-o tanosigeni karakau.

waitress-nom customer-acc merrily tease.

The waitress will merrily tease the customer.

At issue is whether, after hearing �waitress-nom cus-

tomer-dat� in the Dative condition (8) above, the pro-

cessor will anticipate that the third argument will refer

to the one object in the scene that could plausibly be

transferred by the waitress to the customer—namely, the

hamburger. The comparison with the Accusative con-

dition (9) above is crucial: In the Dative condition, NP-

acc is obligatory after the sequence �NP1-nom NP2-dat�

unless the verb turns out to be one of the very few

monotransitive verbs that take an NP-dat as its Theme

(e.g., aisatu-suru—�greet�), or the NP-dat is interpreted as

a Goal after an intransitive verb (e.g., �iku�—go). How-

ever, in the Accusative condition, there are two alter-

native ways in which the fragment �NP1-nom NP2-acc�

can continue—either as part of a monotransitive con-

struction, in which case there will be no further argu-

ments, or as part of a 3-NP construction. In the latter

case, there scene contains no plausible object that could

be referred to as Goal (neither the hamburger nor the

dustbin are plausible Goals). Thus, if the first two noun

phrases provide enough information to enable the pre-

Y. Kamide et al. / Journal of Memory and Language 49 (2003) 133–156 147

weitoresu-ga
waitress-NOM

kyaku-ni
customer-DAT

tanosigeni
merrily

hanbaagaa-o
hamburger-ACC

hakobu
bring

The waitress will merrily bring the hamburger to the customer

Accusative Condition:

(1.2)

of semantic information independently of any syntactic

processing. Did that combination entail a structural

commitment by the processor in respect of the pre-ver-

bal noun phrase functioning as the subject of the verb?

This questions is not unrelated to the question of whe-

ther the processor might have projected syntactic

structure at the verb that corresponded to the hitherto

unencountered post-verbal direct object. Did the pro-

cessor anticipate the Theme in Experiment 2 on the basis

of structural sensitivities, or on the basis of semantic

sensitivities? Of course, there may be little difference

between the two if semantics is a reflection of the co-

occurrence of words (or objects) and their contexts (cf.

experiential approaches to semantics; e.g., McRae et al.,

1997; and see Altmann, 1997). Experiment 2 does not

address whether the basis of the anticipatory behavior

observed there was structural as well as semantic.

In Experiment 3, we address directly the issues of

structural sensitivity and verb-specificity. We turn to the

processing of the verb-final language Japanese and ex-

plore whether, in 3-NP sentences, the syntactic case-

marking on the first two noun phrases (NP1: subject;

NP2: indirect object) can be used to anticipate the se-

mantic properties of whatever might subsequently occur

as a third noun phrase (NP3: direct object) in the se-

quence NP1–NP2–NP3–verb. If NP1–NP2 combina-

tions can predict NP3 in Japanese, we would have direct

evidence that the prediction of a verb�s arguments do not

necessitate the verb itself. Moreover, if the case-marking

on the NP1–NP2 combination determines the predic-

tion, we would have direct evidence that syntactic in-

formation interacts with real-world knowledge during

the formulation of the prediction.

Experiment 3

In Japanese, all arguments of the verb appear prior to

the verb. For example, consider the following example:

(7)

syoojo-ga neko-ni sakana-o yatta.

girl-nominative cat-dative fish-accusative gave.

The girl gave the fish to the cat.

In (7), all three of the verb�s arguments come before

the verb, and as is typical with head-final languages,

each argument is case-marked (in Japanese, the case-

marking is not a nominal inflection but rather a post-

nominal particle). If verb�s are the driving force behind

predictive processing, there should not be any oppor-

tunity in Japanese constructions such as this for

predictive processing of forthcoming arguments. In

contrast, it is nonetheless possible that the processor can

use information appearing prior to the verb in order to

predict properties of forthcoming items: For example,

the information extracted from �girl-nom� and �cat-dat�

(henceforth, we abbreviate the case-markers) suggests

that it is likely that the girl serves as the Agent and the

cat serves as the Goal in the event being described by the

sentence. Two sources of information can then be used

to predict properties of an upcoming Theme: first, the

vast majority of sentences in Japanese beginning �NP1-

nominative NP2-dative� signal a 3-NP construction in

which an accusative NP3 will follow prior to the sen-

tence-final verb. Consequently, the processor can antic-

ipate a verb that denotes an act of transference from the

Agent (manifested linguistically as NP1-nominative) to

the Goal (NP2-dative), with the subsequent Theme

(anticipated as NP3-dative) being whatever was trans-

ferred. Knowledge of the real world contingencies that

involve cats might enable the processor to predict fur-

ther that whatever will appear as Theme will be some-

thing plausibly transferred to cats by girls.

Experiment 3 uses the visual-world paradigm to ex-

plore pre-head (i.e., pre-verb) prediction in Japanese. An

example material set to accompany the visual scene

shown in Fig. 5, panel A is as follows (Fig. 5, panel B

indicates the critical regions for data analyses as we shall

discuss below).

(8) Dative condition.

weitoresu-ga kyaku-ni tanosigeni hanbaagaa-o ha-

kobu.

waitress-nom customer-dat merrily hamburger-acc

bring.

The waitress will merrily bring the hamburger to the

customer.

(9) Accusative condition.

weitoresu-ga kyaku-o tanosigeni karakau.

waitress-nom customer-acc merrily tease.

The waitress will merrily tease the customer.

At issue is whether, after hearing �waitress-nom cus-

tomer-dat� in the Dative condition (8) above, the pro-

cessor will anticipate that the third argument will refer

to the one object in the scene that could plausibly be

transferred by the waitress to the customer—namely, the

hamburger. The comparison with the Accusative con-

dition (9) above is crucial: In the Dative condition, NP-

acc is obligatory after the sequence �NP1-nom NP2-dat�

unless the verb turns out to be one of the very few

monotransitive verbs that take an NP-dat as its Theme

(e.g., aisatu-suru—�greet�), or the NP-dat is interpreted as

a Goal after an intransitive verb (e.g., �iku�—go). How-

ever, in the Accusative condition, there are two alter-

native ways in which the fragment �NP1-nom NP2-acc�

can continue—either as part of a monotransitive con-

struction, in which case there will be no further argu-

ments, or as part of a 3-NP construction. In the latter

case, there scene contains no plausible object that could

be referred to as Goal (neither the hamburger nor the

dustbin are plausible Goals). Thus, if the first two noun

phrases provide enough information to enable the pre-

Y. Kamide et al. / Journal of Memory and Language 49 (2003) 133–156 147

weitoresu-ga
waitress-NOM

kyaku-o
customer-ACC

tanosigeni
merrily

karakau
tease

The waitress will merrily tease the customer

In the sentence 1.1, the first two noun phrases are waitress (nominative case)
and customer (dative case). The most likely interpretation of this fragment
is that the waitress will transfer or give something to the customer. In the
sentence 1.2, the first two noun phrases were the same, except that customer
has accusative case, so the chance of an interpretation involving transfer
is much smaller. It was found that people looked at the hamburger more
often in the dative condition than the accusative condition, during the word
merrily (i.e. before hamburger was heard in the spoken sentence). This
shows that people were able to anticipate the interpretation after two noun
phrases, and before any verb had been presented in the input. Since they
use the same words in the two experiments, they can assume differently by
the Marslen-Wilson experiment that only case marking, and so the syntactic
information, is the cause of the different predictive processing. Then we can
assume the two noun phrases are involved in a syntactic relation before the
verb will be heard.
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Coordination process experiment

Similarly to [KAH03] in this experiment the topic is to test the syntactic an-
alyzer with respect to incrementality [SL04b] [SL04a]. The subjects partici-
pating to the experiment had to read some sentences: using an eye-tracking
device, the fixation times was monitored for each word, where the fixation
time is the time spent by the reader to a single word1. Each sentence con-
tained a verbal coordinate structure, and a reflexive or a pronoun was used
as the direct object of the second verbal phrase conjunct. (1.3, 1.4, 1.5, 1.6).

(1.3) The pilot [VP1 embarrassed John] and [VP2 put himself in a very
awkward situation].

(1.4) The pilot [VP1 embarrassed Mary] and [VP2 put herself in a very
awkward situation].

(1.5) The pilot [VP1 embarrassed John] and [VP2 put him in a very
awkward situation].

(1.6) The pilot [VP1 embarrassed Mary] and [VP2 put her in a very
awkward situation].

It is important that the reflexive or the pronoun is in a point of the sentence
were the second phrasal verb conjunct is not yet complete. The reflexive or
the pronoun agrees or does not agree with the stereotypical gender of the sub-
ject of the matrix sentence, respectively as in sentence 1.3 and in sentence 1.4
(see also [Stu03]). The results of the experiment report an increasing of the
fixation time for sentence with a gender mismatch (sentence 1.4). This fact
would prove that the subject of the matrix sentence has a syntactic relation
with the direct object contained in the second verbal phrase conjunct, before
this conjunct is completed. The sentences 1.5 and 1.6 were used in the exper-
iment to control that this phenomenon is not related to a structurally-blind
strategy of matching the anaphora with the sequentially first noun: in these
sentences the reflexive was substituted with a simple pronoun (him and her).
If the influence of gender match occurs regardless of structural relations,
then it should occur equally with the simple pronoun and with the reflexive.
In contrast, if the difficulty is due to structural configurations, then there
should be no difficulty when a simple pronoun mismatches in gender with
the pilot, because this is not a possible antecedent for a pronoun according
to binding theory. There is no notable difference in the fixation times for the
controlling sentences 1.5 and 1.6, and this fact confirms the hypothesis that

1The reader can fix a word several times during the reading of the sentences and this
produces several measures. See [SL04a] for the details of the data analysis.
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the relation between the matrix subject and the direct object is a syntactic
relation. Moreover, the syntactic relation affects the first noun phrase (sub-
ject) and a noun phrase (object) of the embedded sentence, which belongs
to a not yet completed verbal phrase. Unlike the Kamide et al’s experiment
[KAH03], this fact shows that the syntactic relation binding the two noun
phrases is established before all the constituents which the nouns belong to
are recognized.

In this section we have described three experiments about the incremen-
tal interpretation of human language. While the shadowing experiment has
remarked the incremental nature of the whole process, the head-final lan-
guage experiment and the coordination process experiment have stressed the
incremental properties of the syntax processor. We assume that the results
of these experiments impose fundamental constraints for the grammatical
system that we intend to define.

Support from theoretical syntax

In a recent work, Phillips has shown that hypotheses about incrementality
of the syntactic processor can also be useful in the field of theoretical syntax
[Phi03]. His theory is based on the Parser is a Grammar hypothesis (PiG)
[Phi96]. In this hypothesis a grammar is a formal generative device, that
specifies what are the grammatical structures toward the definition of how
computing them. The only difference between a parser and grammar is that
the former has to take into account the finiteness of the resources, while
the latter does not. Inside the PiG hypothesis, Phillips has proposed an
incremental model for syntax: in this model the sentences are derived from
left to right, and each word is inserted in a single fully connected structure
that spans the left fragment of the sentence. He has pointed out that in
this model the notion of constituency is variable during the analysis of the
sentence: a fragment of the sentence, that in some point of the derivation is
a constituent, may not be a constituent after having processed a subsequent
word (figure 1.1). In this way Phillips is able to explain some strange results
of the constituency tests.

Milward investigated the relation between incrementality and non-constituency
coordination [MC94]. He proposed a dynamic model of the syntax: in this
model the syntactic process is a sequence of transitions between adjacent
syntactic states Si and Si+1, while moving from left to right in the input
string. The syntactic state contains all the syntactic information about the
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Figure 1.1: The change of the constituency status for the string “ab”: before
that the word “c” is processed it is a constituent, after it is not.

fragment already processed. Using this paradigm, Milward assumes that the
coordination of two fragments x and y of the sentence is grammatical whether
the two fragments update in the same way some start state. Consider the
sentence

(1.7) Sue lent Joe a book and Ben a paper

In the Milward’s paradigm, after the derivation of the fragment Sue lent the
system is in the syntactic state S1. The coordination of the fragments Joe a
book and Ben a paper depends on the fact that both fragments update S1 in
the same way, i.e. that after the fragments Sue lent Joe a book and Sue lent
Ben a paper the system is in the same syntactic state S2.

Also the work of Kempson et al.’s can be viewed as an attempt to rely the
phenomenon of incrementality with the notion of grammaticality [KMVG00].
In their work they proposed a model based on an underspecified syntac-
tic/semantic structure that is updated incrementally for each word.

In this section we have seen how the incrementality of human language
can fruitfully be included in syntax theories. In particular, some syntactic
phenomena can be easily explained assuming some form of incrementality in
the grammar.

NLP support for incremental processing

Other motivations to introduce incrementality in the syntactic analyzer de-
rive from the tasks of language modeling and dialogue systems.
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Modeling the language is the task of assigning a probability to the sen-
tences of the language. This task is fundamental for speech recognition, in
which we have to assign the most probable sentence s to a given acoustic
signal A, i.e. we have to maximize arg maxsp(s|A) with respect to the sen-
tence s (where A is the acoustic signal). This equation can be rewritten as
arg maxsp(s|A) = arg maxsp(s)p(A|s), and to resolve this latter equation, we
need to know the probability p(s) of the sentence. The most used language
model is a trigram model: each word is conditioned by the two preceding
words in the sentences P (s) = P (w1, w2, ..., wn) =

∏n+1
i=1 P (wi|wi−2wi−1).

This approach cannot take into account the long distance dependencies be-
tween the words in the sentence. In the sentence The dog, which the owner
kicked, barked, the verb and the subject are displaced too far away to be cap-
tured by trigram models. Some works used statistical parsing to overcome
three-grams in language model [Roa01] [Cha00] [CJ98]. The basic idea is
that the parsers used in these works are generative, since they can assign a
probability to a sentence. The parser described in [Roa01] is incremental :
each word is processed following the left to right linear order. Incrementality
is a desirable feature in syntactic language modeling because an incremental
statistical parser is able to assign probability to each prefix of a sentence.
Roark pointed out that this property allows us to interpolate the probability
provided by the parser with the probability computed by word-by-word sys-
tems (the trigram model systems) and this strategy has a great impact on
the final results [Roa01].

The other task improved by an encoding of incrementality is the im-
plementation of dialogue systems. Purver and Kempson noted that human
dialogues typically have many speaker-hearer interactions [PK04]. They have
proposed an incremental grammar based on dynamic syntax to take into ac-
count some of the dialogue phenomena, like shared utterance, elipsis and
alignment [KMVG00]. Consider the dialogue fragment

(1.8) Ruth: What did Alex ...
Hugh: Design? A kaleidoscope.

In this example the speaker and the hearer swaps their roles: this inversion is
particularly problematic if parsing and generation are independently defined.
The basic point of their architecture is the sharing of the same mechanisms
on behalf of the syntactic analyzer and the syntactic generator. In this way
the switch of role of the speaker/hearer during the sharing utterance phenom-
ena can be seen as a switch between processes that share the same resources.
Similar argumentation about dialogue are used by Milward to support the in-
cremental nature of the semantic interpretation [MC94]. He pointed out that
incremental semantic interpretation can be used with profit in man-machine
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dialogue: if a user provides a sentence with mistakes or ambiguities to an
incremental dialogue system, he can be interrupted by the request from the
system of a clearer sentence.

In this section we have described some applicative advantages provided
by incremental assumption on the human language. In particular we have
seen that incrementality have several advantages in language modeling and
dialogue systems.

1.2 DVTAG assumptions

Since natural language processing can benefit from an encoding of the incre-
mentality, the problem remains open about which is the proper mechanism
that implements such an encoding. What is the grain of incrementality in
the syntactic and semantic processing? How do the syntactic and semantic
analyzers interact in an incremental scenario? To analyze and to clarify our
positions about these questions we have to specify the model that we adopt
for natural language processing systems.

We focus our attention on the syntactic generator/analyzer. In this dis-
cussion we do not enforce any particular assumption about the semantic
module. We only assume a modular architecture for the syntactic and se-
mantic module, without assumptions about the synchronous-asynchronous
nature of this module [SJ93]. In the field of generative grammar the mod-
els of syntax processing consist of a grammar formalism and a processing
strategy (i.e. parsing algorithm)2. This distinction follows the distinction
between competence and performance given by Chomsky:

Linguistic theory is concerned primarily with an ideal speaker-
listener, in a completely homogeneous speech-communication, who
knows its (the speech community’s) language perfectly and is un-
affected by such grammatically irrelevant conditions as memory
limitations, distractions, shifts of attention and interest, and er-
rors (random or characteristic) in applying his knowledge of this
language in actual performance ([Cho65]).

We can identify in the competence what the grammar computes and in the
performance how the grammar does the computing. This is not the unique

2The processing strategy is a derivation strategy for a language production system,
and a parsing strategy for a language comprehension system. We continue our discussion
considering only syntactic analyzers.
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interpretation of competence-performance dichotomy, and it is not obvious
whether this distinction is useful to model natural language system [Phi96].

Now, with the aim to compare the various model of incrementality for
syntax analysis and to define our position, we introduce three dimensions
along which we can describe the various models [LMS04]. The syntactic
analyzer module can be characterized by:

1. The space of well-formed partial syntactic structures.

2. The space of the possible configurations of partial syntactic structures
at each processing step.

3. The subspace of partial structures that are actually interpreted.

The definition of well-formedness is almost universally assigned to the com-
petence component, whether in a direct implementation of the grammar for-
malism (cf. the Type Transparency hypothesis [BW84]) or a compiled version
of the competence grammar (e.g. LR parsing [SJ93]).

The space of the possible configurations of partial structures refers to
those partial syntactic structures that are built and stored during parsing.
Different algorithms result in different possibilities for the configurations of
the partial structures that the parser builds. For example a bottom up algo-
rithm will never build a partial structure with non terminal leaf nodes. The
standard approach is to assign this responsibility to the parsing algorithm,
whether the grammar is based on standard context-free formalisms [Roa01],
on generative syntactic theories based on a context-free backbone [Cro92], or
on categorial approaches, like e.g. Combinatory Categorial Grammar [Ste00].
A different method is to assign this responsibility to the competence compo-
nent. In this case the space of possible configurations of partial structures
is constrained by the grammatical derivation process itself, and the parsing
algorithm needs to be aligned with these requirements. This approach is
exemplified by the works of Kempson et al. [KMVG00] and Phillips [Phi03].

The issue of constituency is also relevant in the third key area, which
is the definition of the space of interpretable structures. The assignment
of responsibility with respect to current approaches usually depends on the
implementation of the incremental technique. Approaches based on a cou-
pling of syntactic and semantic rules in the competence grammar ([Ste00]
[KMVG00]) adhere to the so-called Strict Competence Hypothesis [Ste00],
which constrains the interpreter to deal only with grammatical constituents,
so the responsibility for deciding the interpretable partial structures is as-
signed to competence. In contrast, approaches that are based on competence
grammars that do not include semantic rules, like CFG, implement seman-
tic interpreters that mimic such semantic rules (Stabler, 1991), and so they
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assign the responsibility for deciding the interpretable partial structures to
performance.

Now we describe in comparison with the three points of the schema pro-
posed in [LMS04], the position of the grammatical formalism that we are
going to define. We assume that all the features described in the schema are
specified in the competence grammar:

Assumption 1 [Incrementality-in-competence hypothesis]
The partial syntactic structures, the possible configurations of the partial
syntactic structures at each processing step, and the subspace of partial
structures that can actually be interpreted, are all the partial structures
licensed by the grammar.

With the aim to fulfill the paradigm of incrementality, the major advantage
of the incrementality-in-competence hypothesis is the simplicity. Taking into
account the incrementality in the rules of the grammar, we can directly
model the syntactic phenomena related to incrementality (e.g. [Phi03]).
The incrementality-in-competence hypothesis has many similarities with the
PiG hypothesis defined by Phillips in [Phi96]. In fact the incrementality-in-
competence hypothesis gives the same algorithmic function to the grammar
given by the PiG hypothesis.

The second assumption of our model is a constraint about the partial syn-
tactic structures of the processing: this amounts to enforcing the incrementality-
in-competence hypothesis about the operations and elementary structures of
the grammar.

Assumption 2 [Strong connectivity hypothesis]
People typically incorporate each (overt) word into a single, totally con-
nected syntactic structure before any following words. Incremental interpre-
tation is achieved through the interpretation of this single syntactic struc-
ture.

In other words, strong connectivity hypothesis prescripts that when a word is
analyzed by the syntactic module, all the syntactic relations with preceding
words are licensed.

The strong connectivity hypothesis allows for a clear interpretation of the
experimental data provided in section 1.1. In particular, the results about the
incrementality of the syntactic interpretation, presented in the experiments
of Kamide et al [KAH03] and Sturt-Lombardo [SL04b], can be predicted
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assuming the strong connectivity hypothesis.
Stabler proposed strong connectivity hypothesis with the aim of explain-

ing the difficulty of processing some syntactic constructions like center em-
bedding [Sta94]. The basic idea analyzed in this work is that memory re-
quirements and local ambiguity are a measure of the difficulty of the syntactic
analysis. This idea was proposed by Abney and Johnson [AJ91], and refined
by Resnick [Res92]. They started from the basic assumption that for hu-
mans right branching and left branching constructions are easier to compute
in comparison with center embedded structures. Assuming context-free as
competence grammar, they compared the memory requirements and the lo-
cal ambiguity of the left-branching, right-branching cand enter-embedding
structures for three different parsing strategy, i.e. top-down, bottom-up and
left-corner. They measured the amount of space required in terms of nodes
that are not completed yet, i.e. nodes with a parent or a child that are not
part of the structures built by the parser. They found that for context-free
grammar only the left-corner strategy predicts center-embedding as the most
difficult structure with respect to this measure. On the basis of this consid-
erations, Stabler have proposed a model based on context-free grammars and
on of left-corner parser to respect strong connectivity hypothesis [Sta94].

Strong connectivity is not a necessary condition for semantic incremental
analysis [SJ93], but it can be assumed with the aim to simplify the syntax-
semantic interface. In fact, if we want to perform an incremental semantic
interpretation in a system that does not respect strong connectivity, the
parsing strategy [SJ93] or the semantic interpreter [Sta91] has to predict the
possible relations that connect or will connect the disconnected partial syn-
tactic structures.

We have defined the fundamental two assumptions of our formalism. The
first assumption, the incrementality-in-competence hypothesis, concerns the
role of the competence grammar in comparison with processing strategy. The
second assumption, the strong connectivity hypothesis, concerns a particular
property of the (partial) structures built by the grammar. Now we introduce
the TAG formalism and we provide the third assumption, i.e. the use of
the adjoining mechanism to factorize the recursion in the structures of the
grammar.
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(a)

X↓

X

X

(b)

X

X

X
∗

X

X

Figure 1.2: Substitution (a) and adjoining (b) TAG operations. In the sub-
stitution a tree is merged on the node X ↓ on the frontier of another tree. In
the adjoining a tree is merged on the node X in the middle of another tree.

Lexicalized Tree Adjoining Grammar

In the definition of the family of Tree Adjoining Grammar we focus on three
basic issues: extended domain of locality, adjoining mechanism and lexical-
ization. We show how the adjoining mechanism can explain the results of the
coordination process experiment described in section 1.1. As a consequence
we use the adjoining mechanism to formalize the third assumption fulfilled
by the formalism that we are going to define.

Tree Adjoining Grammar (TAG) is a tree rewriting system [JLT75] [Jos85]
[AR00]. The elementary structures of the formalism are trees, and the oper-
ations of the formalism are substitution and adjoining. The first operation
merges a tree on the frontier of another tree (figure 1.2 (a)), the second op-
eration merges a tree in the middle of another tree (figure 1.2 (b)). In a
TAG derivation some elementary trees are combined, using substitution and
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adjoining, to generate a final derived tree.
TAG is an appealing formalism for several reasons. From a linguistic

perspective, a tree rewriting system allows us to work with trees rather than
strings. Since many linguistic phenomena are modeled using trees, we can
use the elementary trees of the formalism as the elementary component of a
linguistic theory. From a formal perspective, a tree rewriting system is more
powerful in comparison with a string rewriting system. Shieber shown that
the natural languages are (mildly) context-sensitive [Shi85], and a tree rewrit-
ing system equipped with adjoining can generate some context-sensitive lan-
guages.

We can talk about the TAG family, since there many variants of the TAG
formalism, based on different properties of the elementary trees. For instance,
in feature-based TAG, each non terminal node is augmented with a feature
structure. Now we give an example of derivation for lexicalized version of
TAG. A TAG grammar consists in a set of elementary trees, divided into
initial trees (usually denoted by the α symbol) and auxiliary trees (usually
denoted by the β symbol). In Lexicalized Tree adjoining Grammar (LTAG),
we associate each elementary tree with a lexical item, called the anchor of
the tree. An initial tree represents the domain of the argument structure
of its anchor. For example, in figure 1.3 (a), there are three initial trees,
anchored in John, likes and beans respectively. Notice that the elementary
tree for likes includes substitution nodes corresponding to the subject and the
object of likes. Auxiliary trees are usually used for modification. Each aux-
iliary tree includes a foot node on its frontier, which is of the same syntactic
category as the root of the tree. For example, in Figure 1.3 (a), the auxiliary
tree anchored by from includes root and foot nodes labeled with NP. There
are two operations for combining trees: with substitution, the root of an
initial tree is substituted at a substitution node in another elementary tree;
with adjoining, an auxiliary tree is inserted at some adjoining node in the
structure of another elementary tree, such that the subtree dominated by the
adjoining node is substituted at the foot node of the auxiliary tree, and the
root of the auxiliary tree is substituted at the adjoining node. For example,
the auxiliary tree anchored in from in Figure 1.3 (a) can be adjoined at the
NP node indicated in the figure. LTAG is attractive because it allows for an
elegant characterization of argument structures and syntactic dependencies.
In particular, for any LTAG derivation, it is possible to build a derivation
tree (Figure 1.3 (c)), which consists of a history of the combination opera-
tions that the derivation has used. Given that substitution and adjoining are
used to attach arguments and modifiers respectively, and that the lexical-
ized character of LTAG assigns a lexical anchor to each elementary tree, the
derivation tree is therefore commonly interpreted as a dependency structure
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Figure 1.3: Elementary trees (a), derived tree (b) and derivation tree (c), for
the sentence John likes beans from France.
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[RJ97] [JR03], which can then be the basis for semantic interpretation. The
method used to build the derivation tree is to attach the identifiers of the
substituted and adjoined elementary trees as daughters of the tree identi-
fiers where substitutions and adjoining have operated upon. Each edge of
the derivation tree is augmented with a Gorn address, i.e. the address of
the node where the tree is attached3. Now we describe three fundamental
properties of LTAG: all the mathematical and linguistic properties of LTAG
are consequences of these three features [JS97].

Extended domain of locality (EDL) LTAG has a greater domain of lo-
cality in comparison with context-free grammars. The domain of lo-
cality of a grammatical formalism is the extension of the elementary
structure. Context-free grammars uses rewriting rules, that can be
considered as single level trees, i.e. tree with one parent and several
children. In this case, the syntactic relations that can be specified in a
single rule, are those dependencies that hold between the parent and the
children, or those that hold between two children. For instance, with
respect to the tree α2 of figure 1.3 (a), it is impossible with a context-
free rule to specify the syntactic relation stating between the verb and
the first and second noun phrases, to specify a sub-categorization frame
of the verb, and at the same time to account for the verbal phrase con-
stituent. In other words, if we want to embed the verb and the two
noun phrases in a single context-free rule (e.g. S → NP V NP ), we
lose the internal structure of the verbal phrase, that is considered as es-
sential in a number of linguistic theories. On contrary, in LTAG this is
possible because the elementary structures are multilayered trees, and
then the dependency can be defined on the different levels of the trees.
In this way the formalism is able to state in the elementary structures
several syntactic relations as sub-categorization, filler-gap, agreement.

Factoring recursion from domain by Adjoining (FRD) The operation
of adjoining allows to reduce the long-distance syntactic dependencies
to the local dependencies defined on the elementary structures. In other
words, “the long-distance behavior of same dependencies follows from
the operation of adjoining, thus factoring recursion from the domain
from which dependencies are initially stated” [JS97].

Lexicalization (LEX) A grammatical formalism is lexicalized if each ele-
mentary structure of the formalism is associated with a lexical item,
that will be called anchor of the corresponding structure. Several math-

3We give a formal definition of Gorn addresses at page 40
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ematical properties of LTAG are a direct consequence of the lexicaliza-
tion, e.g. the finite ambiguity of the number of derivations, and then
the decidability of the recognition problem [JS97]. The lexicalization
has also important linguistic consequence: the whole tree can be con-
sidered as an extended projection of the anchor [Fra02].

LTAG does not take into account the incrementality of human languages.
LTAG is a formalism that does not fulfill the incrementality-in-competence
hypothesis, then the issue of the incrementality is explained at the perfor-
mance level. Moreover, in several works, the adjoining mechanism has been
used to account for the incrementality. In [SJ93], a synchronous TAG gram-
mar models the interaction of the syntactic analyzer and semantic interpreter.
In this case the adjoining mechanism allows the incremental semantic inter-
pretation factoring out the recursion in the syntactic representation.
In a similar way, in [LS97] and [TDL91] the adjoining mechanism is used as
a device to avoid some problems related to left-recursion in top-down left-to-
right parsing of the context-free grammars.
In [Stu97], it has been proposed a model that fulfills the incrementality-in-
competence hypothesis and strong connectivity hypothesis. In this system
adjoining is used in a monotonic architecture that models the reanalysis. In
[SL04b] [SL04a] the adjoining mechanism has been proposed to explain the
results of the coordination process experiment described in section 1.1. In
particular they proposed to use adjoining to model the VP coordination4 in
the sentence The pilot embarrassed Mary and put himself in a very awkward
situation (figure 1.4). The elementary tree for the conjunction and is a VP
auxiliary tree, i.e. a tree that can be inserted into the structure spanning the
left fragment The pilot embarassed Mary at the VP node (figure 1.4 (a)). The
resulting structure has a substitution VP node where the initial tree for put
can be inserted using a substitution operation (figure 1.4 (b)). Finally, the
other arguments will be substituted: in particular, himself will be inserted
in the connected structure in a position that is c-commanded by the pilot,
and is available for the computation of the binding relation at a very early
stage of processing.

On the basis of these works, we have decided to use adjoining in our
grammatical system. This is our third assumption:

4Similar to [SL04a], in this example we do not present the full details of the coordination
mechanism in TAG proposed in[SJ96]
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Figure 1.4: A possible derivation for the sentence The pilot embarrassed
Mary and put himself in a very awkward situation by means of the adjoining
mechanism.

Assumption 3 [adjoining factorizes recursion hypothesis]
The grammatical system uses the adjoining mechanism.
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In this section we have introduced the basic mechanisms of TAG family for-
malisms. We have presented the basic issues of LTAG and the three basic
property of this formalism, extended domain of locality, factoring recursion
using adjoining, and lexicalization. We have analyzed the relation between
adjoining and incrementality. As a consequence we have introduced a third
assumption, i.e. that the formalism has to implement the adjoining mech-
anism. In the next section we introduce the formalism in the framework of
dynamic grammar.

1.3 Dynamic grammars and DVTAG

The paradigm of Dynamic Grammars allows to define a grammatical formal-
ism that natively includes the assumptions of incrementality-in-competence
and strong connectivity [Mil94]. The main idea of dynamic grammars is to
view the syntactic process as a dynamic process5. Dynamic grammars de-
fine well-formedness of syntactic structure in terms of states and transitions
between states. They allow for a natural formulation of incremental pro-
cessing, where each word wi defines a transition from Statei−1, also called
the left-context, to Statei [Mil94]. The states can be defined as partial
syntactic structures that are updated as each word is recognized. This is
a key point of the dynamic grammar paradigm: the information about the
derivation is completely in the state. Since there is not a limit on the size
the derivable syntactic structures, the number of states can be non-finite.
This allows to have a greater generative power in comparison with finite
automata. In Augmented Transition Networks, that use also the automata
paradigm, the formal power is increased by the use of recursion mechanism.
The major advantage of dynamic grammar is that it allows to easily fulfill the
assumption of incrementality-in-competence. In dynamic grammars, there is
no conceptual difference between derivable and parsable. The processes of
derivation and parsing share the same operations and structures, that are
directly defined as the transitions of the grammar. The hypothesis of strong
connectivity can also be inserted easily in a dynamic grammar. If we assume
that partial derived syntactic trees are the states of the grammar, we only
have to impose that the transitions defined in the grammar do not produce
disconnected trees. In other words, the derivation process proceeds from left

5There is no agreement about the definition of dynamic process. An overview about
the definition of dynamic process is presented in [Gel98].
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to right by extending a fully connected left-context to include the next input
word.

Milward proposed a definition of dynamic grammars based on four points
[Mil94]:

1. The set of states: the states used by the grammar.

2. The set of axioms: the transitions/operations used to update the state.

3. The set of deduction rules: the specification of the kind of process (e.g.
sequential, parallel).

4. The set of initial and final states: this point implicitly defines a condi-
tion to state the derivability/parsability of a string. A string is accepted
if the symbols of the string can be mapped into a sequence of transition
that lead from an initial state to a final state.

There are several works that more or less explicitly use the framework of
dynamic grammars: left-associative grammars [Hau92] dynamic dependency
grammars [Mil94], state-transition grammars [Tug98], SPARSE model [Sch98],
dynamic syntax [KMVG00], connection path grammars [SCLF03]. Each of
these formalisms uses a different set of states, transitions, and final state
conditions. For instance, Milward in [Mil94] uses a sort of feature structure
to represent a state, differently from Hausser and Tugwell that use a stack.

In the next section we introduce the basic issues of DVTAG, and we
compare them to the LTAG system. In the next chapter we provide a formal
definition of DVTAG based on the Milward’s schema described above.

1.3.1 Dynamic version of TAG: DVTAG

In this section we introduce the dynamic version of TAG (DVTAG), a gram-
mar formalism that fulfills three assumption about incrementality, i.e. incrementality-
in-competence, strong connectivity, adjoining factorizes recursion). More-
over, DVTAG shares other properties with LTAG: it uses trees as elementary
structures (extended domain of locality) and there is a lexical item associated
with each elementary tree (lexicalization).

Like an LTAG, a Dynamic Version of Tree Adjoining Grammar consists
of a set of elementary trees, divided into initial trees and auxiliary trees, and
attachment operations for combining them. In figure 1.5 we can see a set of
elementary trees that are used in the DVTAG derivation of the sentence Bill
often pleases Sue (figure 1.6).

Lexicalization is expressed through the association of a lexical anchor
with each elementary tree: the left-anchor is the leftmost lexical item on
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Figure 1.5: DVTAG elementary trees.

the yield of an elementary tree. Similarly to LTAG, each elementary tree
can be multianchored, i.e. it can have several lexical items on the frontier.
Unlike LTAG, some lexical items belonging to the yield can be underspecified.
In the figure 1.5, the elementary tree anchored by the word Bill has in the
verb position a lexical item underspecified. The elementary tree explicitly
provides the range of values that this underspecified item can assume during
the syntactic process. This range of values is always finite, and it is defined
explicitly in a list paired with the preterminal category. Only the left-anchor
of the elementary tree is required to be fully specified. For instance, for the
trees depicted figure 1.5, we cannot underspecify the items Bill, Sue, often
respectively. DVTAG fulfills the incrementality-in-competence hypothesis:
this fact can be seen as an increasing of some performance issues to the com-
petence level [LMS04]. The notion of underspecified lexical items is already
used in TAG systems as a feature of the performance level. In the XTAG
system, the syntactic database is a collection of templates trees, i.e. elemen-
tary trees in which all lexical items are underspecified [DHS+00]. In contrast
in DVTAG, the underspecified lexical items (and then the predicted nodes)
are a competence feature: we see in chapter 3 that they play an important
role for linguistic derivations.

Auxiliary trees in DVTAG are split into left auxiliary trees, where the
lexical item and the substitution nodes are on the left of the foot node, right
auxiliary trees, where the lexical items and the substitution nodes are on
the right of the foot node, and wrapping auxiliary trees, where the lexical
items and substitution nodes are both on the left and on the right of the
foot node. The tree anchored by often in figure 1.5 is a left auxiliary tree.
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Figure 1.6: The DVTAG derivation of the sentence Bill often pleases Sue.

Non-terminal nodes have a distinguished head daughter, which provides the
lexical head of the mother node: unlike LTAG, each node in the elementary
trees is augmented with a feature indicating the lexical head that projects the
node. This feature is needed for the notion of dependency tree (see chapter
3). If several unheaded nodes share the same lexical head, they are all co-
indexed with a head variable (e.g. i in the elementary tree anchored by
Bill in figure 1.5); the head variable is a variable in logic terms: i will be
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unified with the constant (“lexical head”) pleases in the derivation depicted
in figure 1.6.

In DVTAG the left-anchor does not necessarily provide the head feature
of the root of the elementary tree. This is trivially true for auxiliary trees
(e.g. the tree anchored by often in figure 1.5), but this can also occur with
initial trees (e.g. the tree anchored by Bill in figure 1.5). Initial trees can
include not only the head projection of the anchor, but also other higher
projections that are required to account for the full connectedness of the
partial parse tree.

The elementary tree anchored by Bill is linguistically motivated up to the
NP projection; the rest of the structure depends on the assumption of strong
connectivity. These extra nodes are called predicted nodes. A predicted
preterminal node is paired with a set of lexical items. In chapter 3 we analyze
this feature and in chapter 4 we illustrate a method for building such extended
elementary trees using a LTAG lexicon.

The derivation process in DVTAG builds a derived tree by combining
the elementary trees via some operations that are illustrated below. Since
DVTAG is a dynamic grammar, it fulfills the assumption of incrementality-
in-competence. DVTAG fulfills the three basic assumptions about incremen-
tality by constraining the derivation process to be a series of steps in which
an elementary tree is combined with the partial tree spanning the left frag-
ment of the sentence. The result of a step is an updated partial structure.
Specifically, at the processing step i, the elementary tree anchored by the
i-th word in the sentence is combined with the partial structure spanning
the words from 1 to i− 1 positions; the result is a partial structure spanning
the words from 1 to i. In contrast, LTAG does not pose any order con-
straint on the derivation process. In DVTAG the derivation process starts
from an elementary tree anchored by the first word in the sentence and that
does not require any attachment that would introduce lexical material on
the left of the anchor (such as in the case of a substitution node on the left
of the anchor). This elementary tree becomes the first left-context that has
to be combined with some elementary tree on the right. Since in DVTAG
we always combine a left-context with an elementary tree, the number of at-
tachment operations increases from two in LTAG to seven in DVTAG. Four
operations (initialization, substitution, adjoining from the left and adjoining
from the right) are called direct operations because they insert the current
elementary tree into the left context; three other operations (inverse substitu-
tion, inverse adjoining from the left and inverse adjoining from the right) are
called inverse operations because they insert the left-context into the current
elementary tree; the eighth operation (shift) does not involve any insertion
of new structural material, but can instantiate the value of a underspecified
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lexical item.
The first operation in DVTAG is a initialization operation, where an el-

ementary tree anchored by the first word of the sentence becomes the first
left-context of the derivation (see the fourth step in figure 1.6). The DVTAG
substitution replaces a substitution node of the left-context with an elemen-
tary tree (see figure 1.6). DVTAG adjoining is split into two operations:
adjoining from the left and adjoining from the right. The type of adjoining
depends on the position of the lexical material introduced by the auxiliary
tree in comparison with the material currently dominated by the adjoined
node (which is in the left-context). In figure 1.6 we have an adjoining from
the left in the case of the left auxiliary tree anchored by often. Inverse op-
erations account for the insertion of the left-context into some elementary
tree. In the case of inverse substitution the left-context replaces a substitu-
tion node in the elementary tree; in the case of inverse adjoining, the left
context acts like an auxiliary tree, and the elementary tree is split because of
the adjoining of the left context at some node. . Finally, the shift operation
either scans a lexical item which has been already introduced in the structure
or derives a lexical item from some predicted preterminal node.

During the derivation process, not all the nodes in the left context and
the elementary trees are accessible for performing some operation: given the
(i − 1)-th word in the sentence we can compute a set of accessible nodes
in the left context (the fringe of the left-context). Similarly, given the left-
anchor of an elementary tree we can compute a set of accessible nodes in the
elementary tree (the fringe of the elementary tree).

At the end of the derivation process, the left context structure spans the
whole sentence, and is called the derived tree. The derived tree cannot have
holes, i.e. it does not have substitution node, foot node and underspecified
lexical items. The last tree in figure 1.6 is the DVTAG derived tree for Bill
often pleases Sue.

In LTAG, the derivation tree represents the history of the derivation of
the sentence: it describes the substitutions and the adjoinings that occur
in a sentence derivation through a tree structure. At the same time, since
each elementary tree is anchored by a lexical item, the derivation tree of
LTAG also describes the syntactic dependencies in the sentence in terms of a
dependency-style representation [RJ97], [DCS03]. As we see in chapter 3, the
notion of derivation tree is not adequate for DVTAG. To take into account
the derivation history we introduce in the next chapter the derivation chain
structure; To account for the lexical dependencies, in chapter 3 we define a
new structure, that we call dependency tree.

The feature of predicted nodes allows for some ambiguity in the DVTAG
that derives a sentence. In particular, some sentences can be derived using el-
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Figure 1.7: Two possible derivation for the sentence John flies.

ementary trees with predicted nodes, or can can be derived using elementary
trees without predicted nodes. Consider the sentence:

(1.9) John flies

In figure 1.7 (a) there is a DVTAG derivations for this sentence that uses
predicted nodes, In figure 1.7 (b) there is a DVTAG derivations for this
sentence that does not use predicted nodes. This possibility resembles the
spurious ambiguity of combinatory categorial grammars (CCG) derivations
[Ste00]. In the case of CCG, the type-raising operation allows for several
syntactic derivations of a sentence: these derivations are spurious because
they all carry the same semantic interpretation. As we see in chapter 4,
the predicted nodes have some similarity with type-raising operation, but
the predicted nodes are a feature of the lexicon, while the type-raising is a
operation. In this perspective, the ambiguity of the derivations in figure 1.7
is a lexical ambiguity rather than an ambiguity of the derivation.
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In this section we have described the basic issues of DVTAG, a dynamic
formalism built on the assumptions of incrementality-in-competence, strong
connectivity and adjoining to factorize recursion.

In the next section we introduce the notion of mildly context-sensitive
formalisms. In chapter 2 we show that DVTAG belongs to this class.

1.4 Mildly context-sensitive grammars

Since the seminal work of Chomsky [Cho57], several works in the past years
have devoted attention to the problem of discovering the formal properties
of all the natural languages. The interest on this specific question is moti-
vated by the idea to tell between universal and stipulative constraints in a
formal (computational) system. If we are able to list the formal properties
characterizing the syntax, the semantics, the pragmatics of the natural lan-
guages, we can design a formal system that models these properties in the
basic mechanisms of the system. In contrast, with an unconstrained formal
system, we have to specify the formal properties by means of some stipulative
rules [Jos98]. With respect to the Chomsky hierarchy, these studies try to
answer this question: what is the smallest class in the Chomskian grammar
hierarchy that has the formal power of natural languages? To answer to this
question, we have to specify what we intend as formal power of a system.

The definition of formal power can be developed along several indepen-
dent dimensions. One of this dimension is the weak generative capacity: if
we consider the sentences of natural languages as strings of a formal system,
what is the smallest class of the Chomsky hierarchy such that the grammars
of this class are able to generate all and only the strings of this set? Another
related concept is about the strong generative capacity of natural languages:
if we consider the right6 syntactic trees of the sentences generated in a nat-
ural language, is there a grammar such that these trees are the derivation
trees of the grammar? Formally we can define weak and strong formal power
of a generative grammar as:

Definition 1.1. The weak generative capacity of a grammar is the lan-
guage (the set of strings) generated by the grammar. The strong genera-

tive capacity of a grammar is the set of derivation trees generated by the
grammar.

In general the derivation structure in a formal system can be different
from tree [Jos03]. Here we limit our definition to tree structures because our

6Different linguistic theory assign different structures to the same sentence. With the
ambiguous term right we mean a structure that is optimal for the semantic interpretation.
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discussion is concerned with mildly context-sensitive grammars, and their
derivations can be described by trees [Wei88]. Starting from this definition,
we will say that two grammars are weakly equivalent if they generate the
same language and two grammars are strongly equivalent if they assign the
same tree(s) to each string in the same language. A class of grammars is said
to be strongly adequate to capture a class of languages if for each language it
is possible to design a grammar belonging to the class such that the grammar
assigns the right trees to the strings belonging to the language. If a grammar
generates a language but is not strongly adequate because does not generate
the right trees it is said to be only weakly adequate with respect to the
language. Since the string is on the yield of a derivation tree generating it,
strong adequacy implies weak adequacy. Chomsky shown that some strings
corresponding to constructions of English cannot be generated by regular
grammars [Cho57], and then regular grammars are not weakly adequate for
natural languages. In the same work he argued without proving that context-
free grammars are not strongly adequate, but this conjecture was criticized
several times (e.g. [GP85]). In 1985 Shieber addressed this specific issued, by
discovering that there are some strings corresponding to some constructions
of a German dialect spoken around Zurich that cannot be generated by any
context-free grammar [Shi85]. This work proved that context-free grammars
are not weakly adequate, and therefore not strongly adequate, for natural
languages.

Orthogonally to the weak and strong generative capacity, another di-
mension to define the formal power of formal systems is related to the type
of dependencies that a system can generate in a derivation. Natural lan-
guages have only very limited types of dependencies, and grammatical sys-
tems designed to describe natural languages have to take into account such
experimental data. We can abstract from the concept of dependency by in-
troducing the concept of equivalence relation: an indexed string is a pair
(w, Iw), where w is a string, and Iw is an equivalence relation over string
positions of w.

Definition 1.2. [BRN92] [Chi02] We will say that a grammar derives an
indexed strings (w, Iw) if the grammar derives w, and in the w derivation all
the symbols that are in the relation defined by Iw are introduced in the same
derivation step. The derivational generative capacity of a grammar is
the set of indexed string derivable by the grammar.

The idea is that the formal systems must generate only dependencies that cor-
respond to real linguistic phenomena: in fact nested and cross-serial depen-
dencies correspond to some German and Dutch constructions respectively7.

7We say that the string a1b1c1c2b2a2 has nested dependencies if a1 is in relation with
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Another property of a formal generative system is the complexity of the
parsing problem. Humans build-up the syntactic structures of a sentences
very fast, as we have discussed in the description of the Marslen-Wilson
experiment. Independently of the type of grammar that we assume as the
competence grammar, a widely accepted working hypothesis is that the com-
plexity of the parsing problem for this grammar has to be polynomial.

Finally, a desirable formal property that a generative formal system has
to respect to describe natural languages is the constant growth property.

Definition 1.3. A language L is constant growth if there is a constants c0

and a finite set of constant C such that for all w ∈ L where |w| > c0 there is
a w′ ∈ L such that |w| = |w′| + c for some c ∈ C.

This property is the formal version of the linguistic intuition that the
sentence belonging to a natural language can be built from a finite set of
bounded structures using the same linear operations [Wei88].

Based on these four characterizations of the formal power, Joshi proposed
a new definition to capture the grammatical systems suitable for generating
to generate the natural languages [Jos85].

Definition 1.4. The class of the mildly context-sensitive grammars is
the class of grammars such that:

1. Context-free languages are a proper subset of the languages generated
by the grammars of the class.

2. The grammars of the class are parsable in polynomial time.

3. The grammars of the class can generate only nested and cross-serial
dependencies, but not some other as in the MIX language8.

4. Languages generated by the grammars of the class have the constant
growth property.

It is really significant that four distinct grammatical formalisms, linear-
indexed grammars, combinatory categorial grammars, head grammars and
tree adjoining grammars have been proved to be mildly context-sensitive
[VSJW90],[VSW94]. In the next chapter we show that DVTAG is mildly
context-sensitive.

a2, b1 is in relation with b2, c1 is in relation with c2. Similarly we say that the string
a1b1c1a2b2c2 has cross-serial dependencies again if if a1 is in relation with a2, b1 is in
relation with b2, c1 is in relation with c2.

8The MIX language consists of equal numbers of a’s, b’s and c’s in any order.
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Summary

In this chapter we have described the basic issues of a new grammatical for-
malism that natively takes into account the incrementality. We have started
with motivational arguments, and we have described the three basic assump-
tions of DVTAG, i.e. incrementality-in-competence hypothesis, strong con-
nectivity hypothesis, adjoining factorizes recursion hypothesis. Using the
framework of dynamic grammars we have illustrated the basic mechanisms
of DVTAG. At the end of the chapter, we have introduced the class of mildly
context-sensitive grammars. The goal of the next chapter is to define formally
DVTAG and to show that they belong to that class.
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Chapter 2

DVTAG definition

A DVTAG grammar, like a LTAG grammar, is a set of elementary trees,
divided into initial trees and auxiliary trees, and attachment operations for
combining them. In DVTAG, attachment operations always occur between
the left-context and an elementary tree; the derivation tree, which illustrates
the derivation process in LTAG, becomes a derivation-chain of dotted trees
(see below). With the aim to show that DVTAG is mildly context-sensitive,
we show that the set of languages generated by DVTAG is a proper subset
of the languages generated by LTAG. The intuitive idea behind the proof is
to convert the derivation tree of LTAG in a sequence of partial derivation
chains.

In this chapter we do not use any linguistic examples, but only strings
of some formal language (symbols a, b, c, etc.). In this way, we stress the
abstract character of the discussion about the power of the elementary mecha-
nisms of the formalism, without any assumption about the syntactic theory.
In fact, similarly to LTAG, DVTAG is a device to model syntactic theory
rather than the formalization of a specific theory. Moreover, in the defi-
nitions and proofs appearing in this chapter, we use DVTAG elementary
trees without underspecified lexical items and without the specification of
the head-variable (see chapter 1). In fact these two features are important
for linguistic description, but are irrelevant with respect to the formal power.
In the next chapter we discuss the linguistic aspects of the formalism.

The chapter is divided in two parts: in the first part we define DVTAG,
and in the second part we show that DVTAG is mildly context sensitive.
In the first two sections we provide some terminology and introduce two
concepts borrowed from parsing, dotted trees and fringe. In the third section,
we describe the elementary structures of DVTAG and in the fourth section we
provide a description of the operations of the formalism. In the fifth section
we use a dynamic schema to define the derivation process of DVTAG. In
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the sixth and seventh sections we show that the DVTAG tree languages is
a subset of LTAG tree languages and that the tree languages defined by
the context-free grammars are a subset of the tree languages generated by
DVTAG. Finally in the last section we summarize the formal properties of
DVTAG and we show that it is a mildly context-sensitive formalism.

2.1 Terminology

In this section we provide some general terminology. Let Σ be an alphabet of
terminal symbols, and V an alphabet of non–terminal symbols. ε, a, b, c, d, ... ∈
Σ indicate terminal symbols, where ε is the null string. A, B, C, D, ... ∈ V in-
dicate non–terminal symbols, x, y, w, z ∈ Σ∗ are strings of terminals, ρ, σ, τ ∈
(Σ ∪ V )∗ are mixed strings; |ρ| is the length of the string ρ. We use wi to
denote the i-th word in the sentence w. We denote initial trees with α, auxil-
iary trees with β, derived and generic trees with γ, δ, ζ, Λ1; N denotes a node
belonging to a tree, label(N ) the label of this node. foot(β) returns the foot
node of an auxiliary tree β. FRONTIER(γ) is a function that returns the
frontier of γ, Y IELD(γ) is a function that returns the frontier of γ with the
exception of empty lexical items and foot nodes (i.e. overt terminal nodes
and substitution nodes). Finally, Y IELDi(γ) is the function that returns
the i–th element of the Y IELD(γ) whether 1 < i < |Y IELD(γ)|, otherwise
it is undefined.

To denote the position of a node N in a tree, we use the Gorn Address
of the node. Gorn Addresses are a way to denote the position of a node in a
tree [Gor65]: 0 is the address of the root node, k is the address of the k-th
child of the root node, and p · q is the address of the q-th child of the node
at address p For instance, in the tree at the top of figure 2.1, 0 is the Gorn
address of the highest node S (the root), 1 is the address of the lowest node
S, 2 is the address of the node H ↓, 1 · 1 is the address of the node c, 1 · 2 is
the address of the node F , 1 · 2 · 1 is the address of the node ε, 1 · 2 · 2 is the
address of the node g.

2.2 Dotted Trees and Fringes

In the previous chapter we pointed out that DVTAG is LTAG-oriented be-
cause it shares some basic assumptions with LTAG. The first assumption held
by both LTAG and DVTAG is that the elementary structures in both for-
malisms are multi-layer trees. In DVTAG, the structures are more complex

1Conventionally we always use Λ to indicate the left-context.

40



in comparison with LTAG, because, beyond argumental and modification
requirements, we want also to satisfy the constraints of strong connectivity
and left-to-right derivation in the competence grammar.

In DVTAG the same type of structure is used to represent the left-context
(i.e. the incremental derived structure) and the elementary structures of the
formalism. This structure is an augmented tree, called a dotted tree. Dot-
ted trees are similar to some structures widely used in the parsing literature
[Ear70], [Sch90], [Sik97].

A dotted tree is a pair: the first element is a standard tree, the second
element is an integer representing the position of the dot in the tree, i.e. a
position between two leaves of the tree. Moreover, all the symbols on the
yield that are on the left of the dot are terminal symbol.

Definition 2.1. A dotted tree is a pair 〈γ, i〉 where γ is a tree and i is an
integer such that i ∈ 0...|Y IELD(γ)|. Moreover ∀j ∈ 1...i Y IELDj(γ) ∈ Σ.

In figure 2.1 there is a standard tree γ and three possible dotted trees.
The Y IELD of γ is the string “c g H↓”: then the dot can be in position 0
(i.e. on the left of “c”), in position 1 (i.e. between the symbols “c” and “g”),
in position 2 (i.e. between the symbols “g” and “H↓”).

The number of leaves in a tree γ is not equal to the number of dotted trees
having γ as first element for two reasons. The first reason is that ε nodes and
foot nodes are ignored in the computation of the function Y IELD. The
second reason constraining the number of possible dotted trees, is that all
the symbols belonging to the yield of the tree that are on the left of the dot
must be terminal symbols. It is not possible to have substitution nodes on
the left of the dot. Then the number of possible dotted tree is the length of
the longest prefix of terminal symbols of Y IELD(γ) plus one.

Our definition of dotted trees resembles the definition of dotted tree and
dotted rule used in TAG parsing literature ([Sch90], [Ned99]). However, there
is a difference: in the definitions of [Sch90] and [Ned99] the dot is used to
refer to a particular position of the node; a single item with a dotted rule
uses the symbol close to the dot to choose the next move of the parser. In
contrast in our structure the dot is used to denote a position in the tree that
is used to compute a set of nodes where several operations can be applied.

In chapter 1 we have shown that in the derivation process of LTAG,
the left-context (a tree structure that represents the current state of the
derivation), is combined with an elementary tree structure to build the next
state of the derivation. We have shown that the elementary tree can be
substituted or adjoined in the left-context, or vice versa, the left-context
can be substituted or adjoined in the elementary tree. The operations of
DVTAG are asymmetric, i.e. the tree produced by an operation is different

41



�

�

ε

�

���

�

�

�
	������

�

ε

�

���

�

�

〈γ, 0〉

Y ield(γ) =cgH↓

�

�

ε

�

���

�

�

γ

�

 

ε

!

"�#

$

%

〈γ, 2〉

Figure 2.1: A tree γ and the three possible dotted tree over γ. If the integer
denotes the position between two leaves, graphically in the drawings we put
the dot close to the left-most symbol. If the integer is zero, we put the dot
close to the root of the tree.

from the tree produced by the corresponding inverse operation. Since no
new symbol can intervene between the rightmost symbol of the left context
and the leftmost anchor of the elementary tree, the left-context and the
elementary tree can be merged only in a number of nodes. We now define
a function on dotted tree to identify the set of nodes that can be used in
attachment operations involving the dotted tree. We call this set of nodes
the fringe.

Since the DVTAG derivation process is asymmetric, the fringe of the left-
context and the fringe of an elementary tree are used with different purposes.
The nodes in the fringe of the left-context are used in the DVTAG direct
operations to merge elementary dotted trees in order to build the new left-
context. The nodes in the fringe of an elementary dotted tree are used in
the DVTAG inverse operations to merge the left-context in order to build
the new left-context. The fringe of a dotted tree 〈γ, i〉 can be computed from
the values of Y IELDi(γ) and Y IELDi+1(γ). In particular, there are three
cases based on whether Y IELDi(γ) and Y IELDi+1(γ) are defined. For a
dotted tree 〈γ, i〉 the function Y IELDj(γ) is undefined for j = 0 and for
j = |Y IELD(γ)|. We now provide an operational definition of the nodes
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belonging to the fringe of a dotted tree.

Definition 2.2. The fringe of a dotted tree 〈γ, i〉 is:

Case-1 Y IELDi(γ) and Y IELDi+1(γ) are both defined.
Consider the paths leading from Y IELDi(γ) and from Y IELDi+1(γ)
to their lowest common ancestor. All the nodes of γ that are in the
subtree delimited by these two paths belong to the fringe. Also all the
nodes of the two paths, but the common ancestor, belong to the fringe
(fig. 2.2).

Case-2 Y IELDi(γ) is not defined and Y IELDi+1(γ) is defined.
This case is possible only when i is equal to 0. Consider the path leading
from Y IELD1(γ) to the root: all the nodes that are on this path belong
to the fringe of the dotted tree. Moreover, all the nodes of γ that are
on the left of this path (i.e. nodes dominated by some node of the path
and that dominates only leaves on the left of Y IELD1(γ)) belong to
the fringe (figure 2.3). Note that by definition, all the leaves on the left
of Y IELD1(γ) are null lexical items.

Case-3 Y IELDi(γ) is defined Y IELDi+1(γ) is not defined.
For a dotted tree this case is possible only when the dot is on the right-
most position of γ, then when i is equal to n = |Y IELD(γ)|. In
this case consider the path leading form Y IELDn(γ) to the root: all
the nodes that are on this path belong to the fringe of the dotted tree.
Moreover, all the nodes of γ that are on the right of this path (i.e.
nodes dominated by some node of the path and that dominates only lex-
ical items on the left of Y IELDn(γ)) belong to the fringe (figure 2.4).
Note that by definition, all the leaves on the right of Y IELDn(γ) are
null lexical items.

So, the dot of a dotted tree identifies the nodes accessible in the structure:
the fringe is completely determined by the integer i that denotes the position
of the dot.

Given the operations defined in chapter 1, not all the nodes in a fringe
are equally accessible, i.e on each node only a subset of the operations is
applicable. This is particularly relevant for adjoining operations. We define
two subsets for a dotted tree, a left fringe and a right fringe.

Case-1 If Y IELDi(γ) and Y IELDi+1(γ) are both defined, the left fringe
is composed of all the nodes in the fringe except the nodes belonging
to the path that connects the element Y IELDi+1(γ) to the lowest
common ancestor of Y IELDi(γ) and Y IELDi+1(γ). Similarly, the
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belong to the fringe. The left fringe is composed by the nodes “c”, “ε”, “G”.
The right fringe is composed by the symbols “F”, “G”, “ε” and “H↓”.

right fringe is composed all the nodes in the fringe except the nodes
belonging to the path that connects the element Y IELDi(γ) to the
lowest common ancestor of Y IELDi(γ) and Y IELDi+1(γ) (figure 2.2).

Case-2 If Y IELDi(γ) is not defined and Y IELDi+1(γ) is defined, all the
nodes that are on the left of the path connecting Y IELDi+1(γ) to the
root are in the left and right fringe; the right fringe also includes the
path. The left fringe is non-empty if and only if there are leaves on the
left of Y IELDi+1(γ) that are ε symbols.

Case-3 If Y IELDi+1(γ) is not defined and Y IELDi(γ) is defined, all the
nodes that are on the right of the path connecting Y IELDi(γ) to the
root are in right and left fringe; the left fringe also includes this path.
The right fringe is non-empty if and only if there are leaves on the right
of the dot that are ε symbols.

The left and right fringes are used in the definition of the operations in section
2.4.
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Figure 2.3: Case-2 of the computation of the fringe: all the nodes on the
shadowed path and in the shadowed circles are in the fringe. The path is
obtained connecting the “c” terminal symbol (Y IELD1(γ)) to the root of
the dotted tree. The nodes “F” and “ε” belong to the fringe too, because
they are on the left of the path. The left fringe is composed by the nodes
“F” and “ε”. The right fringe is composed by the nodes “F”, “ε” and by the
nodes “S”, “P” “E” and “c”.

2.3 Elementary structures of DVTAG

DVTAG is a lexicalized formalism with respect to the definition given in
[Sch90]: all the elementary structures defined in the formalism must include
at least one lexical item, and each lexical item is called an anchor of the
corresponding structure. In case a structure contains more than one lexical
item, we say that it is multi-anchored. On the basis of this definition, a
DVTAG grammar is completely specified by the lexicon, i.e. by the set of
elementary dotted trees.

In this section we classify the elementary dotted trees on the basis of the
nodes on the frontier: in particular we define the sets of initial and auxiliary
dotted trees, and the sets of direct and inverse dotted trees. In chapter 1 we
have stated that the derivation process of DVTAG is asymmetric, since we
want to process the sentence from left to right and respecting at same time
the strong connectivity hypothesis. With the aim to respect this constraint
we have defined the left and right fringes of dotted trees. With the same
aim, in this section we introduce left, right, and wrapping auxiliary trees

The lexicon of a DVTAG is a set of elementary dotted trees such that all
the indices for the position of the dots of these trees have value zero. The
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Figure 2.4: Case-3 of the computation of the fringe: all the nodes in the
shadowed circles are in the fringe. The path is obtained connecting the “c”
terminal symbol (Y IELD2(γ)) with the root of the dotted tree. The nodes
“ε” and “S∗” that are on the right of this path belong to the fringe too. The
right fringe is composed by the nodes “F”, “S∗” and “ε”. The right fringe is
composed by the nodes “F”, “S∗”, “ε” and by the nodes “S”, “P” “E” and
“c”.

dotted trees in the lexicon can be thought of as structures that are com-
pletely unanalyzed yet. We call an elementary dotted tree initial if all the
non-terminal symbols on the frontier of the tree are marked for substitution
(usually these nodes are decorated with a down-arrow). An elementary dot-
ted tree is auxiliary if all the non-terminal symbols on the frontier of the
tree are marked for substitution but one node called foot node (usually this
node is decorated with an asterisk): this node, that has has the same label
of the of the root, is the foot node for the adjoining operations. As dor
LTAG, also DVTAG uses adjoining operations to factorize recursion. Initial
dotted trees are used in substitution operations, while auxiliary dotted trees
are used in adjoining operations. We indicate the set of the initial dotted
trees with the symbol I, and the set of the auxiliary dotted tree with the
symbol A. We distinguish three types of auxiliary trees (cf. [SW95]). Left
auxiliary dotted trees have overt lexical items and substitution nodes on the
left of the foot node. Right auxiliary dotted trees have overt lexical items
and substitution nodes on the right of the foot node. Wrapping auxiliary
dotted trees have overt lexical items and substitution nodes on the left and
on the right of the foot node2.

2In [SW95] a slightly different definition of left, right and wrapping auxiliary trees is
given with the aim to define a weak version of LTAG called LTIG. Unlike their definition,

46



The constraint of left to right processing brings another characterization
of the elementary dotted trees. The left-most lexical item on the frontier of
each dotted tree plays a crucial role in the DVTAG derivation:

Definition 2.3. The left-anchor of an elementary dotted tree is the left-
most overt lexical item on the frontier of the tree.

If an elementary dotted tree is used in a DVTAG derivation, the left-
anchor is the lexical item of the elementary dotted tree that appears in the
leftmost position of the derived sentence. Then the left-anchor is the first
lexical item of the elementary dotted tree processed in the derivation of the
sentence. The left-anchor is particular relevant, since as we have shown
in chapter 1, the underspecified lexical items and predicted nodes of the
elementary dotted tree are predicted by the left-anchor.

Another classification of the dotted trees in the lexicon is based on the
position of the left-anchor on the frontier of the dotted tree. In chapter 1
we have remarked that no new symbol can intervene between the rightmost
symbol of the left context and the left-anchor of the elementary tree. As
a consequence, the left-anchor can be only in two positions on the frontier.
For all the dotted trees belonging to the lexicon, we have that the left-
anchor is in the first or in the second position of the yield. Formally, for
the dotted tree 〈γ, 0〉, Y IELD1(γ) or Y IELD2(γ) is the left-anchor of γ. In
the former case the elementary dotted tree can be used for direct operations
(i.e. when the elementary structure is substituted or adjoined in the left-
context), in the latter the elementary dotted tree can be used for substitution
inverse operation (i.e. when the left-context is substituted in the elementary
structure). We call the elementary dotted tree direct in the former case,
and inverse in the latter case. In the definition of the operations we use
elementary dotted trees that are direct or inverse. Other positions of the
left-anchor for γ are forbidden because the corresponding trees cannot be
used by any DVTAG operation.

In figure 2.5 there are eight legal elementary dotted trees. The trees
〈α1, 0〉 and 〈α2, 0〉 are initial dotted trees and the trees 〈β1, 0〉, 〈β2, 0〉, 〈β3, 0〉,
〈β4, 0〉, 〈β5, 0〉, and 〈β6, 0〉 are auxiliary dotted trees. In particular 〈β1, 0〉
and 〈β4, 0〉 are left auxiliary dotted trees, 〈β2, 0〉 and 〈β5, 0〉 are right auxil-
iary dotted trees and 〈β3, 0〉 and 〈β6, 0〉 are wrapping auxiliary dotted trees.
Moreover the dotted trees on the left side (〈α1, 0〉, 〈β1, 0〉, 〈β2, 0〉, 〈β3, 0〉) are

we allow adjoinable nodes on the left (right) of a right (left) auxiliary tree, if these nodes
dominate only null lexical items. We investigate the relation between LTIG and DVTAG
in section 2.8.
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direct, and the dotted trees on the right side (〈α2, 0〉, 〈β4, 0〉, 〈β5, 0〉, 〈β6, 0〉)
are inverse.

So, in sum, we have a classification of the dotted trees based on the
displacement of the nodes. In particular we have distinguished the dotted
trees on the basis of the relative position of the foot with respect to the
position of the lexical and substitution nodes (initial, left auxiliary, right
auxiliary, wrapping auxiliary dotted trees). Moreover we have distinguished
the dotted trees on the basis of the position of the left-anchor, the leftmost
lexical item, on the frontier (direct, inverse dotted trees). We see in the
next section the role played by these dotted trees in the definition of the
operations.

2.4 Operations

In this section we give the formal definitions of the seven operations of DV-
TAG: shift, substitution, inverse substitution, adjoining from the left, adjoin-
ing from the right, inverse adjoining from the left, inverse adjoining from the
right.

In chapter 1, we have shown that the basic idea in DVTAG is to view the
derivation process as a dynamic process. Each word in a sentence is prcessed
by enlarging the left-context through some operations of adjoining and sub-
stitution. Each DVTAG operation involves two structures: the left-context
and an elementary structure. Both the left-context and the elementary struc-
tures are dotted trees. In an elementary dotted tree 〈γ, i〉, the position i of
the dot is zero, since the structure is completely unanalyzed yet. In contrast,
since the left-context 〈Λ, i〉 represents the fragment of the sentence generated,
the position i of the dot in this case is always different from zero. From this
point of view, the operations of DVTAG are asymmetric, since they combine
a partial derived structure, the left-context, with a completely unanalyzed
structure, the elementary dotted tree.

Since an operation that involves an elementary dotted tree brings new
lexical material into the final derived string, we need to be careful about the
linear positioning of such material during the derivation process, in order to
avoid holes in the left fragment of the sentence.

The first operation takes as input only the left-context. It resembles the
scanning operation defined on dotted items by the LTAG parsing algorithms
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Figure 2.5: Some possible elementary dotted trees.
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Figure 2.6: The shift operation. In this operation the dot is shifted on the
right of the next lexical item on the yield: the symbol on the arrow is the
next lexical item on the yield. Here and in the next pictures, the dotted lines
depict the left and right fringe respectively.

[Sch90], [Ned99].

Definition 2.4. (fig. 2.6) The Shift operation Shi(〈γ, i〉) takes as input
a single dotted tree 〈γ, i〉 and returns the dotted tree 〈γ, i + 1〉. It can be
applied only if a terminal symbol belongs to the right fringe of 〈γ, i〉. Then
the dot is shifted on the right of the next overt lexical symbol of the yield
(Y IELDi+1(γ)).

Now we define two substitution operations. These two operations take
as input two dotted trees and return a new dotted tree that is obtained by
grasping one of the trees in a node of the other one.

Definition 2.5. (fig. 2.7) The Substitution operation Sub→(〈α, 0〉, 〈γ, i〉)
takes as input two dotted trees: a dotted tree 〈γ, i〉 and an initial direct dotted
tree 〈α, 0〉. If there is in the right fringe of 〈γ, i〉 a substitution node N and
label(N ) = label(root(α)), the operation returns a new dotted tree 〈δ, i + 1〉
such that δ is obtained grafting α in N .

Note that since 〈α, 0〉 is a direct initial tree, the first element on the yield is
the left-anchor: in 〈δ, i + 1〉 the dot is on the right of the left-anchor of α. In
the fringe of 〈γ, i〉 there is at most one substitution node (cf definition 2.2),
so we do not need to indicate explicitly it in the definition.

Definition 2.6. (fig. 2.8) The Inverse Substitution operation
Sub←(〈ζ, 0〉, 〈γ, i〉) takes as input two dotted tree: a dotted tree 〈γ, i〉 and an
inverse elementary dotted tree 〈ζ, 0〉. If root(γ) belongs to the left fringe of
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left-anchor of the direct initial dotted tree used in the operation.
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Figure 2.8: The Inverse Substitution operation: the symbol on the arrow
is the left-anchor of the inverse initial dotted tree used in the operation.

〈γ, i〉, and there is a substitution node N belonging to the right fringe of 〈ζ, 0〉
such that label(N ) = label(root(γ)), the operation returns a new dotted tree
〈δ, i + 1〉 such that δ is obtained by grafting γ in N .

Note that since 〈ζ, 0〉 is an inverse initial tree, the first element on the yield
is a substitution node: in 〈δ, i+1〉 the dot is on the right of the left-anchor of
〈ζ, 0〉, that is the second symbol on the yield. As in the previous operation,
in the fringe of 〈ζ, 0〉 there is at most one substitution node (cf definition 2.2),
so we do not need to indicate explicitly it in the definition.

Now we give the definition of two adjoining operations: in these opera-
tions left and right auxiliary dotted trees are grafted in another dotted tree.
Note that in adjoining we need to indicate explicitly the adjoining node, since
several nodes with the same label can belong to the fringe.

Definition 2.7. (fig. 2.9) The Adjoining from the left operation
∇→L (〈β, 0〉, 〈γ, i〉, add) takes as input two dotted trees: a dotted tree 〈γ, i〉 and
a direct left or wrapping auxiliary dotted tree 〈β, 0〉. If there is in the right
fringe of 〈γ, i〉 a non-terminal node N such that label(N ) = label(root(β)),
the operation returns a new dotted tree 〈δ, i+1〉 such that δ is obtained grafting
β in N .
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Figure 2.9: The Adjoining from the left operation: the symbol on the
arrow is the left-anchor of the direct left auxiliary dotted tree used in the
operation.

Since several adjoining nodes can belong to the fringe, we explicitly indicate
the Gorn address add of N in γ. Note that since 〈β, 0〉 is a direct left or
wrapping auxiliary tree, the first element on the yield is the left-anchor: in
〈δ, i + 1〉 the dot is on the right of the left-anchor of 〈β, 0〉.

Definition 2.8. (fig. 2.10) The Adjoining from the right operation
∇→R (〈β, 0〉, 〈γ, i〉, add) takes as input two dotted trees: a dotted tree 〈γ, i〉 and
a direct right auxiliary dotted tree 〈β, 0〉. If there is in the left fringe of 〈γ, i〉
a non-terminal node N such that N ) = label(root(β)), the operation returns
a new dotted tree 〈δ, i + 1〉 such that δ is obtained grafting β in N .

Similar to the previous operation we explicitly indicate the Gorn address add
of N in γ. Also in this operation, since 〈β, 0〉 is a direct left or wrapping
auxiliary tree, the first element on the yield is the left-anchor: in 〈δ, i + 1〉
the dot is on the right of the left-anchor of 〈β, 0〉.

Again the last two operations are two adjoining operations, but in this
case the operations are inverse, because they graft a left-context into an
elementary dotted tree.

Definition 2.9. (fig. 2.11) The Inverse adjoining from the left opera-
tion ∇←L (〈ζ, 0〉, 〈γ, i〉, add) takes as input two dotted trees: a dotted tree 〈γ, i〉
and a direct elementary dotted tree 〈ζ, 0〉. If foot(γ) belongs to the fringe
of 〈γ, i〉, and there is a node N belonging to right fringe of 〈ζ, 0〉 such that
label(N ) = label(foot(γ)), the operation returns a new dotted tree 〈δ, i + 1〉
such that δ is obtained grafting γ in N .
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Figure 2.10: The Adjoining from the right operation: the symbol on the
arrow is the left-anchor of the direct right auxiliary dotted tree used in the
operation.

In this case 〈γ, i〉 must have on the frontier a foot node, i.e. the left-context
is a non-elementary auxiliary dotted tree. Since in general it is possible to
apply adjoining to several nodes in the right fringe of 〈ζ, 0〉 (they can have
the same label of the root(γ)), we explicitly indicate the Gorn address add of
N in ζ. Again, in this operation, 〈ζ, 0〉 is a direct initial or auxiliary dotted
tree, and in 〈δ, i + 1〉 the dot is on the right of the left-anchor of 〈ζ, 0〉.

Definition 2.10. (fig. 2.12) The Inverse adjoining from the right op-
eration ∇←R (〈ζ, 0〉, 〈γ, i〉, add) takes as input two dotted tree: 〈γ, i〉 and the
direct elementary dotted tree 〈ζ, 0〉. 〈ζ, 0〉 has a null lexical item (ε node)
as first leaf. If root(γ) belongs to the fringe of 〈γ, i〉, and there is a node
N belonging to left fringe of 〈ζ, 0〉 such that label(N ) = label(root(γ)), the
operation returns a new dotted tree 〈δ, i + 1〉 such that δ is obtained grafting
γ in N .

Similar to the previous operation, 〈γ, i〉 has on the frontier a foot node, the
left-context is a non-elementary auxiliary dotted tree. Since in general it is
possible to apply adjoining to several nodes in the right fringe of 〈ζ, 0〉 (they
can have the same label of the root(γ)), we explicitly indicate the Gorn
address add of N in ζ. In this operation, 〈ζ, 0〉 is a direct initial or auxiliary
dotted tree and the first leaf is a ε node. In 〈δ, i + 1〉 the dot is on the right
of the left-anchor of 〈ζ, 0〉.

In this section we have defined the DVTAG operations: with the aim to take
into account of the strong-connectivity hypothesis, we have distinguished a
number of adjoining and substitution operations on the basis of the position
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Figure 2.11: The Inverse adjoining from the left operation: the symbol
on the arrow is the left-anchor of the direct elementary dotted tree used in
the operation.

of the left-anchor in the elementary dotted tree. In the next section we show
how we can define the DVTAG derivation process by using these operations.

2.5 Dynamic Version of Tree Adjoining Gram-

mar (DVTAG)

Now we define DVTAG as consisting of four components, following the
schema given in [Mil94]. These components are a set of states, a set of
axiom schemata, a set of deduction rules, a specification of the legal strings
and trees. We first describe each singular component, and then provide a
definition of the whole system.

1: set of states. In DVTAG the states are dotted trees 〈Λi, i〉: following
the terminology introduced in chapter 1, the dotted tree that represents the
actual state of the derivation is the left-context3. The name “states” is
used to stress the similarity of a dynamic grammar with a dynamic process
(cf. [Mil94]). In a dynamic grammar the role of the states is to represent
the partial derivations of the grammar. The crucial point is that all the in-

3Conventionally, we use the symbol Λi to label the left-context spanning until the i-th
word.
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Figure 2.12: The Inverse adjoining from the right operation: the symbol
on the arrow is the left-anchor of the direct elementary dotted tree used in
the operation.

formation concerning the derivation is in the state. Each DVTAG derivation
is a sequence of left-contexts, such that the first element of this sequence is
an initial left-context, and the last element is a final left-context. The other
elements of the sequence are intermediate left-contexts, i.e. non initial and
non final left-contexts. The initial left-context is the underspecified dotted
tree 〈·, 0〉. This dotted tree represents the very beginning of a derivation for
a lexicalized formalism: since no lexical item is produced yet. In particular
〈·, 0〉 encodes all the direct elementary dotted trees, i.e. elementary dotted
trees in which the left-anchor is the leftmost element on the yield. A final
left-context is a dotted tree such that all the leaves of the trees are terminal
symbols. In other words, there are no substitution nodes or foot nodes on
the fringe of the tree. A final left-context represents a derivation that can be
considered finished without any further operations.

2: set of axiom schemata: The schemata in the set can update the current
left-context in order to produce a lexical item in output. In DVTAG the
axiom schemata are based upon the operations defined above: they fully
specify how to build the next left-context from the current left-context and
from an elementary dotted tree. As a consequence of these operations, the
grammar produces in output a new left-context (i.e. a partially derived tree)
and a lexical item: this lexical item is the left-anchor of the elementary tree
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used in the operation. Only in the case of the shift operation, the lexical
item produced is the lexical item that already belonged to the right fringe of
the left-context. To indicate a generic axiom schema that uses the operation
op to update the left-context 〈Λi, i〉 into the left-context 〈Λi+1, i+1〉 we write

〈Λi, i〉
a

−→
op

〈Λi+1, i + 1〉 (2.1)

where a is the symbol produced by the axiom, i.e. the left-anchor of the ele-
mentary tree used by the operation op or a lexical item that already belonged
to the right fringe. In particular we tell three types of axiom schemata. The
first one is used to begin a DVTAG derivation, i.e. to update the initial
left-context and to produce the first symbol of the derivation. In this case
we can rewrite the generic schema 2.1 as

〈·, 0〉
a

−−−−−−−−→
Shi(〈·,0〉)

〈Λ1, 1〉

where the terminal symbol a is the left-anchor of the elementary dotted tree
〈Λ1, 0〉.
The second kind of axiom schemata concerns the updating of the generic
(non initial) left-context 〈Λi, i〉 using the shift operation. In this case the
operation op in 2.1 is

op = Shi(〈Λi, i〉)

where the terminal symbol a produced belongs to the right fringe of 〈Λi, i〉.
The last kind of axiom schemata concerns the updating of the generic (non
initial) left-context 〈Λi, i〉 by means of substitution, inverse substitution, ad-
joining from the left, adjoining from the right, inverse adjoining from the left,
inverse adjoining from the right. In this case the operation op in 2.1 is

op =































Sub→(〈α, 0〉, 〈Λi, i〉)
Sub←(〈ζ, 0〉, 〈Λi, i〉)
∇→L (〈β, 0〉, 〈Λi, i〉, add)
∇→R (〈β, 0〉, 〈Λi, i〉, add)
∇←L (〈ζ, 0〉, 〈Λi, i〉, add)
∇←R (〈ζ, 0〉, 〈Λi, i〉, add)

where the terminal symbol a produced is the left-anchor of 〈ζ, 0〉, 〈α, 0〉,
〈β, 0〉, 〈ζ, 0〉 respectively.

3: deduction rule. These deduction rules specify the derivation process,
that is how derivation steps can be merged to build a complete derivation of
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the grammar. In DVTAG there is only one deduction rule called sequenc-
ing. The sequencing rule specifies that we can connect the derivation of two
fragments of the sentence in the derivation of one larger fragment. The se-
quencing rule states that if the grammar produces the lexical item a in the
transition from the left-context 〈Λi, i〉 to the left-context 〈Λi+1, i+1〉 and pro-
duces the lexical item b in the transition from the left-context 〈Λi+1, i+1〉 to
the left-context 〈Λi+2, i + 2〉, then the grammar also produces the string ab
in the transition from the left-context 〈Λi, i〉 to the left-context 〈Λi+2, i + 2〉.

〈Λi, i〉
a

−→
op1

〈Λi+1, i + 1〉 〈Λi+1, i + 1〉
b

−→
op2

〈Λi+2, i + 2〉

〈Λi, i〉
ab

−−−−−−−−→
op1,op2

〈Λi+2, i + 2〉

Then the sequencing rule is used in the definition of a dynamic grammar to
specify the set of strings produced4.

4: specification of the legal strings and trees produced by the gram-
mar. In DVTAG we say that a string w belongs to the language generated
by the grammar and that a tree Λn belongs to the tree language generated
by the grammar if the string and the tree are generated by a sequence of
transitions such that these transitions transform the initial left-context into
a final left-context, i.e.

〈·, 0〉
w

−−−−−−−−→
op1,...,opn

〈Λn, n〉

Now we provide the global definition of DVTAG.

Definition 2.11. Let E be a set of elementary dotted trees, a DVTAG G(E)
is a quadruple consisting of a set of states, a set of axiom schemata, at least
one deduction rule, and the specification of the legal strings and trees, defined
as follows:

• Set of states: the possible states of the grammar are dotted trees
〈Λi, i〉, called left-contexts. There are three subsets of states:

4Milward noted that one of the major advantages of the dynamic grammars is the
possibility to augment a grammar by increasing the number of deduction rules. In the
definition of dynamic dependency grammar, he shown that this formalism is able to take
into account non-constituency coordination, by the definition of particular a deduction
rule called coordination rule ([Mil94], pag. 28).
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– Initial left-context, i.e. the underspecified dotted tree 〈·, 0〉

– Final left-contexts, i.e. 〈Λn, n〉 such that Λi has not substitu-
tion or foot nodes on the yield.

– Intermediate left-contexts, i.e. non initial and non final left-
contexts.

• Set of axiom schemata: there are three kinds of schemata to update
the left-context:

1. if i = 0, 〈Λ0, 0〉 is the initial left-contect 〈·, 0〉, and the schema is

〈·, 0〉
a

−−−−−−−−→
Shi(〈Λ1,0〉)

〈Λ1, 1〉

where the terminal symbol a is the left-anchor of the elementary
dotted tree 〈Λ1, 0〉.

2.
〈Λi, i〉

a

−−−−−−−−→
Shi(〈Λi,i〉)

〈Λi+1, i + 1〉

where the terminal symbol a belongs to the right fringe of 〈Λi, i〉.

3.
〈Λi, i〉

a
−→

op
〈Λi+1, i + 1〉

where

op =































Sub→(〈α, 0〉, 〈Λi, i〉)
Sub←(〈ζ, 0〉, 〈Λi, i〉)
∇→L (〈β, 0〉, 〈Λi, i〉, add)
∇→R (〈β, 0〉, 〈Λi, i〉, add)
∇←L (〈ζ, 0〉, 〈Λi, i〉, add)
∇←R (〈ζ, 0〉, 〈Λi, i〉, add)

and the terminal symbol a is the left-anchor of 〈ζ, 0〉, 〈α, 0〉, 〈β, 0〉,
〈ζ, 0〉 respectively. For ∇→L ,∇→R ,∇←L ,∇←R , add is the Gorn ad-
dress of the adjoining node.

• Deduction rule that specifies the sequentiality of the derivation pro-
cess

〈Λi, i〉
a

−→
op1

〈Λi+1, i + 1〉 〈Λi+1, i + 1〉
b

−→
op2

〈Λi+2, i + 2〉

〈Λi, i〉
ab

−−−−−−−−→
op1,op2

〈Λi+2, i + 2〉
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• Specification of the legal strings and trees:

– A string w1...wn is generated by the grammar if and only if

〈·, 0〉
w1...wn

−−−−−−−−→
op1,...,opn

〈Λn, n〉

where 〈Λn, n〉 is a final left-context.

– A tree Λn is derived by the grammar if and only if

〈·, 0〉
Y IELD(Λn)

−−−−−−−−→
op1,...,opn

〈Λn, n〉

where 〈Λn, n〉 is a final left-context.

Definition 2.12. A DVTAG derivation chain d for a sentence a1...an

is a sequence of left-contexts 〈Λ0, 0〉〈Λ1, 1〉...〈Λn, n〉 such that 〈Λ0, 0〉 is an

initial dotted tree and 〈Λi−1, i − 1〉
ai−→ 〈Λi, i〉 i ∈ 1...n. If 〈Λn, n〉 is a final

left-context, and then a1...an is derivable by the grammar, d is said complete,
elsewhere d is said partial.

2.6 An example of DVTAG derivation

In this section we give an example of a DVTAG derivation. Figure 2.14 shows
the derivation chain of the string “acbdae” for the DVTAG grammar of fig-
ure 2.13. In the first step (1) the initial left-context, i.e. the undefined dotted
tree, is updated by the Shift operation (Shi), using the initial elementary
dotted tree 〈α1, 0〉. In the step (2), the left-context 〈Λ1, 1〉 is updated by
an adjoining from the left operation (∇←L ) , using the left auxiliary dotted
tree 〈β1, 0〉. In the step (3), the Shift (Shi) operation is used to build the
left-context 〈Λ3, 3〉. In the step (4), the inverse substitution (Sub←) oper-
ation is used to substitute the left-context 〈Λ3, 3〉 in the elementary dotted
tree 〈β2, 0〉. The step (5) of the derivation is an inverse adjoining from the
left (∇←L ): the left-context 〈Λ4, 4〉 is adjoined in the elementary dotted tree
〈α2, 0〉. The final left-context 〈Λ6, 6〉 is obtained through an adjoining from
the right (∇←R ) operation at step (6): the right auxiliary dotted tree 〈β3, 0〉,
is adjoined on the root of 〈Λ5, 5〉. This concludes the derivation example.

So far, we have defined the dotted trees and the DVTAG operations.
Using these definitions and following the dynamic grammar schema ([Mil94])
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〈β1, 0〉

F

c

C
∗

C 〈β2, 0〉

S↓ d S
∗

S

〈α1, 0〉S

A

B

a

C

D

b

〈β3, 0〉

S
∗ e

S

〈α2, 0〉

a

S

Figure 2.13: The DVTAG lexicon for the derivation of figure 2.14.

we have been able to define the language generated by a DVTAG grammar.
These definitions are used in the remaining part of this chapter to show that
DVTAG is a mildly context-sensitive formalism.
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〈Λ1, 1〉
Shi(〈α1, 0〉)

S

A

B

C

D

b

∇→
L (〈β1, 0〉, 〈Λ1, 1〉, 2)

d S
∗

S

S

A

B

a

C

D

b

F

c

C

d

S

S

A

B

a

C

D

b

F

c

C a

S

∇←L (〈α2, 0〉, 〈Λ4, 4〉, 0) ∇→
R (〈β3, 0〉, 〈Λ5, 5〉, 0)

〈Λ2, 2〉

S

A

B

a

C

D

b

F

c

C

〈Λ5, 5〉 〈Λ6, 6〉

d

S

S

A

B

a

C

D

b

F

c

C

S

S

e

a

S

A

B

a

C

D

b

F

c

C

Shi(〈Λ2, 2〉)
〈Λ3, 3〉

Sub←(〈β2, 0〉, 〈Λ3, 3〉)
〈Λ4, 4〉

〈Λ0, 0〉 a

a

c

b d

a e

(1) (2)

(3) (4)

(5) (6)

Figure 2.14: An example of DVTAG derivation of the string “acbdae” for
the grammar of figure 2.13.
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2.7 Comparing DVTAG and LTAG genera-

tive power

Now we investigate the expressive power of DVTAG. In this section we use
the DVTAG definition given above to show that the DVTAG class of gram-
mars is properly contained in LTAG class of grammars, i.e. for each DVTAG
grammar G1 with lexicon E , exists a LTAG grammar G2, that generates
the same tree language (DVTAG tree languages ⊂ LTAG tree languages).
inclusion relation is proper, because there are LTAG trees that cannot be
generated by a DVTAG grammar. Furthermore in the next section, we show
that the CFG class of grammars is properly contained in DVTAG, i.e. for
each CFG grammar there exists a DVTAG grammar that generates the same
tree language. Since DVTAG can generate some context-sensitive language,
this is again a proper inclusion. These two results are used in section 2.9
to show that DVTAG falls in the class of the mildly context-sensitive for-
malisms.

In order to show that DVTAG ⊂ LTAG we first show that DVTAG is
strongly equivalent to a restricted LTAG . Our proof is based on two concepts.
First, the strong connectivity of the derived tree is implied by the strong
connectivity of the derivation tree, and vice versa. Second, in LTAG there are
no constraints about the order on which the elementary trees are combined
in the derivation tree; we introduce the concept of partial derivation tree to
take this factor into account. Technically, the proof is based on two theorems.
In the first one we show that given a derivation tree D generated by a LTAG
G1(E) that respects some properties, there exists a derivation chain d in a
DVTAG G2(E)such that d and D describe the same derived tree.

In particular we show that we can pose a notion of partial derivation
tree in LTAG that matches the partial derivation chains in DVTAG. In the
second theorem we define a weak version of LTAG, that we call dynamic
LTAG, that generates only derivation trees that respect the hypotheses of
the first theorem, that is are equivalent to DVTAG derivations

2.7.1 Preliminaries

Here we provide some definitions that we use in the following sections (cf.
[SS94]).

Definition 2.13. Given a G(E) LTAG, a derivation tree D for G is a
tree in which each node of the tree is the identifier of an elementary tree γ
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belonging to E , and each arc of the tree is marked with a Gorn address. A
derivation tree D is well-formed if for each arc linking a parent γ to a child γ ′

and labeled with address t, the tree γ ′ is an auxiliary tree that can be adjoined
at node t of the tree γ, or γ ′ is an initial tree that can be substituted at the
node t in γ5.

The parent of a node γ in D is written as parent(γ), tree(γ) is a func-
tion that returns the elementary tree with name γ (when it is clear from
the context we write γ instead of tree(γ)), addr(γ) is the address in which
tree(γ) is inserted in the elementary tree tree(parent(γ)); root(D) denotes
the elementary tree that is the root of D.

Definition 2.14. We define a function “derived” that, for each derivation
tree, returns the corresponding derived tree as:

derived(D) =



































tree(γ)

if D is a trivial tree consisting of a single node γ.

tree(γ)[derived(D1)/t1, derived(D2)/t2, ..., derived(Dk)/tk]

if D is a tree with root(D) = γ and with k child subtrees
D1, ..., Dk whose arcs are labeled with addresses t1, ..., tk.

where tree(γ)[A1/t1, A2/t2, ..., A2/tk] specifies the simultaneous
adjunction/substitution of the auxiliary/initial trees A1 through Ak at t1
through tk, respectively in tree(γ)

Figure 2.15 reports the elementary trees (a), a derivation of an LTAG
grammar (b), and the corresponding derived tree (d). Now we define a new
structure with the aim to formalize the intermediate structures in a LTAG
derivation.

Definition 2.15. Given a derivation tree D, we define a partial derivation

tree PD as a connected subgraph of D.

Applying the function derived to a partial derivation tree PD we obtain
a partial derived tree derived(PD), i.e. an intermediate derived tree for
the LTAG derivation. A partial derived tree can be incomplete, that is we
can find substitution and foot nodes on the frontier of this tree. In the
figure 2.16 there is a derivation tree D (a-1) and the corresponding derived

5In this thesis we assume the original definition of derivation tree given, among others,
in [VSJW90], but it is not difficult to modifies the theorem to assume the alternative
derivation tree definition given in [SS94].
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�
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w3
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w2
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w4

(a)

(b)

(c)

(d)

Figure 2.15: LTAG elementary trees (a), a derivation tree of this grammar
(b), the derivation process described by the derivation tree (c), the corre-
sponding derived tree(d). For the sake of readability, in this and in some
following figures we do not indicate the Gorn addresses.

tree derived(D) (a-2). Moreover, in the same figure there are some sample
partial derivation trees (b-1, c-1, d-1) and the corresponding partial derived
trees (b-2, c-2, d-2).

Finally we introduce some functions on partial derivation trees. Given a
partial derivation tree PD we write wi < wj if on the yield of derived(PD)
wi precedes wj. We write γi < γj if wi < wj, where wi and wj are the
leftmost lexical items of γi and γj respectively. For a partial derivation tree
PD we define , γi ↘ γj if γj is a descendent of γi in PD.

2.7.2 First equivalence theorem

Let us consider a LTAG grammar G1(E) that generates a derivation tree
D that derives the sentence w1w2...wn using the elementary trees γ1γ2...γn.
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Figure 2.16: A derivation tree (a-1) with three sample partial derivation trees
(b-1, c-1, d-1) and the corresponding partial derived trees (b-2, c-2, d-2).
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Each γi is anchored by only one lexical item wi (we remove this constraint
later).

Using these hypotheses, we can provide a lemma, that will be used in
several points of the following proof.

Lemma 2.16. Let G(E) be a LTAG , let D be a derivation of G(E) that
is composed of γ1...γn, and derived(D) spans w1...wn (each γj is anchors
by wj only). If PDi is a partial derivation tree composed of γ1...γi, then
derived(PDi) spans w1...wi.

The lemma is immediately provable. In fact, each γi spans wi, so the set
γ1...γi spans the set w1...wi. Since LTAG operations preserve precedence and
domain relations (monotonicity), derived(PDi) (composed of γ1...γi) spans
the string w1...wi. Actually, w1...wi is a prefix of Y IELD(derived(PDi)),
because the Y IELD can includes substitution nodes (all of them on the right
of wi).

�

We want to show that if it is possible to build a sequence PD1, PD2, ...., PDn

of partial derivations of D such that each PDi is composed only by the trees
γ1...γi (i.e. PD1 = γ1 and PDn = D), then it is possible to build a deriva-
tion chain d of a DVTAG G2(E), such that d = 〈Λ0, 0〉〈Λ1, 1〉...〈Λn, n〉 with
Λi = derived(PDi) ∀i ∈ 1...n. Moreover, G2 uses the same lexicon of G1,
that is for each elementary tree γ belonging to the lexicon of G1 there is a
dotted tree 〈γ, 0〉 in the lexicon of G2.

Theorem 2.17 (Equivalence 1). Let G1(E) be a LTAG, let G2(E) be a
DVTAG and let D be a derivation tree of G1(E) that derives the string w1...wn

from the elementary trees γ1...γn. There exists a sequence of partial derivation
trees of D PD1, PD2, ...., PDn such that each PDi is composed by the trees
γ1...γi if and only if there exists a derivation chain d of G2(E) such that
d = 〈Λ0, 0〉〈Λ1, 1〉...〈Λn, n〉 with Λi = derived(PDi) ∀i ∈ 1...n.

We prove the theorem by induction on the index i: first we show that it is
true for i = 1, and after we show that if the theorem is true for a generic i,
this implies that the theorem is true for i + 1.

• i = 1:

if part
⇐=
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From the hypotheses there exists a a sequence of partial derivation trees of
D PD1, PD2, ...., PDn such that each PDi is composed by the trees γ1...γi.
We have to show that there is a partial derivation chain d = 〈Λ0, 0〉〈Λ1, 1〉
with 〈Λ1, 1〉 = derived(PD1).

From the lemma 2.16 we know that there are not substitution nodes on
the left of w1 on the yield of tree(γ1). This is equivalent to say that 〈γ1, 0〉 is
a direct dotted tree, i.e. the left-anchor w1 of 〈γ1, 0〉 is the left most element
on the yield of γ. In this case we can use 〈γ1, 0〉 to begin a DVTAG derivation
using the Shift operation, i.e.

〈·, 0〉
w1

−−−−−−−−→
Shi(〈γ,0〉)

〈Λ1, 1〉

with Λ1 = tree(γ1) = derived(PD1).

only if part
=⇒

From the hypotheses we know that there is a derivation chain
d = 〈Λ0, 0〉〈Λ1, 1〉...〈Λn, n〉 deriving the string w1...wn and we have to show
that there is a partial derivation PD1 formed by a single tree such that
derived(PD1) = Λ1. Since 〈Λ1, 1〉 is the first left-context of the derivation
chain, we have that

〈·, 0〉
w1

−−−−−−−−→
Shi(〈γ1,0〉)

〈Λ1, 1〉

where 〈Λ1, 0〉 is a direct elementary dotted tree, such that tree(γ1) = Λ1, so
PD1 = γ1.

•i → i + 1:
Now we have to prove the thesis for i + 1 assuming it is true for i. From the
induction hypothesis we know that there exists a sequence of partial deriva-
tion trees of D PD1, PD2, ...., PDi such that each PDj is composed by the
trees γ1...γj, and exists a derivation chain d = 〈Λ0, 0〉〈Λ1, 1〉...〈Λi, i〉 with
Λj = derived(PDj) ∀j ∈ 1...j.

if part
⇐=

In this direction we prove that if there exists PDi+1 for D then there exists a
new left-context 〈Λi+1, i + 1〉 for d. From the definition of partial derivation
we know that PDi+1 is a connected subgraph of D, then PDi+1 is obtained
by merging γi+1 and PDi. There are two possibilities:
(a) a γk ∈ PDi is adjoined or substituted into γi+1. In this case γk is the
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γi+1

PDi+1

PDi

t

Figure 2.17: root(PDi+1) = γi+1, cases a-1 a-2 a-3 a-4.

root of PDi (if γk 6= root(PDi) then γk would have two parents in PDi+1), ,
and then root(PDi+1) = γi+1.

(b) γi+1 is adjoined or substituted in a γk ∈ PDi. In this case we have that
root(PDi) = root(PDi+1)
For each one possibility, we have to distinguish several cases depending
whether γi+1 or root(PDi) is an initial, a left auxiliary, a right auxiliary
or a wrapping auxiliary tree. Initially consider that root(PDi+1) = γi+1,
then PDi+1 is obtained by inserting γi+1 on the top of PDi (cases a-1, a-2,
a-3, a-4, figure 2.17).

(a) γk = root(PDi), γk inserted into γi+1

a-1 If root(PDi) is an initial tree, using the lemma 2.16 we have that
Y IELD(derived(PDi)) = w1w2...wi, i.e. there are no substitution
symbols on the right of wi. Then, since derived(PDi) = Λi, we have
that root(Λi) is in the fringe of 〈Λi, i〉. Moreover, from the lemma 2.16
we have that w1w2...wiwi+1 is a prefix of Y IELD(derived(PDi+1)),
then Y IELD1(γi+1) is a substitution symbol, and Y IELD2(γi+1) =
wi+1. In other words, we have that 〈γi+1, 0〉 is an inverse initial dotted
tree with left-anchor wi+1 (figure 2.18). By these considerations we can
rewrite the substitution operation of LTAG as an inverse substitution
operation of DVTAG:

derived(PDi+1) = γi+1[PDi/t] = γi+1[Λi/t] = Λi+1

where

〈Λi, i〉
wi+1

−−−−−−−−−−−−−−−−−−−−−−−−→
Sub←(〈γi+1 ,0〉,〈Λi,i〉)

〈Λi+1, i + 1〉
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derived(PDi) = Λi

X

γi+1

X↓ wi+1

w1... wi

Figure 2.18: Case a-1 of the theorem 2.17..

a-2 γk left auxiliary tree, γk adjoined into γi+1

if root(PDi) is a left auxiliary tree, using the lemma 2.16 we have
that FRONTIER(derived(PDi)) = w1w2...wiX

∗, i.e. similar to pre-
vious case, there are no substitution symbols on on the right of wi.
Then, since derived(PDi) = Λi, we have that foot(Λi) belongs to
the fringe of 〈Λi, i〉. Moreover, from the lemma 2.16 we have that
w1w2...wiwi+1 is a prefix of Y IELD(derived(PDi+1)), then we have
that Y IELD1(γi+1) = wi+1, i.e. 〈γi+1, 0〉 is a direct elementary dot-
ted tree with left-anchor wi+1 (figure 2.19). We can rewrite then the

derived(PDi) = Λi

X

γi+1

wi+1...

w1... wi X
∗

X

Figure 2.19: Case a-2 of the theorem 2.17.

adjoining operation of LTAG as an inverse adjoining from the left of
DVTAG:

derived(PDi+1) = γi+1[PDi/t] = γi+1[Λi/t] = Λi+1
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where

〈Λi, i〉
wi+1

−−−−−−−−−−−−−−−−−−−−−−−−→
∇←

L
(〈γi+1,0〉,〈Λi,i〉,t)

〈Λi+1, i + 1〉

a-3 γk right auxiliary tree, γk adjoined into γi+1

if root(PDi) is a right auxiliary tree, using the lemma 2.16 we have
that FRONTIER(derived(PDi)) = X∗w1w2...wi, similar to previ-
ous cases, there are no substitution symbols on on the right of wi.
Then, since derived(PDi) = Λi, we have that the root(Λi) belongs
to the fringe of 〈Λi, i〉. Moreover, from the lemma 2.16 we have that
w1w2...wiwi+1 is a prefix of Y IELD(derived(PDi+1)), then we have
that γi+1 has a null lexical item as the leftmost leaf, and Y IELD1(γi+1) =
wi+1. That is 〈γi+1, 0〉 is a direct elementary dotted tree with null lexi-
cal item as the leftmost leaf (figure 2.19). In this case can rewrite then

derived(PDi) = Λi

X

γi+1

ε wi+1...

X
∗

X

w1... wi

Figure 2.20: Case a-3 of the theorem 2.17.

the adjoining operation of LTAG as an inverse adjoining from the right
of DVTAG:

derived(PDi+1) = γi+1[PDi/t] = γi+1[Λi/t] = Λi+1

where

〈Λi, i〉
wi+1

−−−−−−−−−−−−−−−−−−−−−−−−→
∇←

R
(〈γi+1,0〉,〈Λi,i〉,t)

〈Λi+1, i + 1〉

a-4 γk wrapping auxiliary tree, γk adjoined into γi+1

if root(PDi) is a wrapping auxiliary tree, from the lemma 2.16,
there are two possibly frontiers for derived(PDi), depending on the
positions of the foot node and wi:

-FRONTIER(derived(PDi)) = w1w2...wiX
∗y with y ∈ NT ∗.

This subcase is very similar to the case a-2, and we can repeat the
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γi+1

PDi+1 PDi

t

γl

Figure 2.21: root(PDi+1) = root(PDi), cases b-1 b-2 b-3.

same considerations. Then, as well as in the case a-2 we can rewrite
the adjoining operation of LTAG as inverse adjoining from the left
operation of DVTAG.

-FRONTIER(derived(PDi)) = w1w2...wj−1X
∗wj...wi.

This subcase is very similar to the case a-3, and we can repeat the
same considerations. Then, as well as in the case a-3 we can rewrite
the adjoining operation of LTAG as inverse adjoining from the left
operation of DVTAG.

Now consider that root(PDi+1) = root(PDi), then PDi+1 is obtained by
attaching γi+1 on the frontier PDi (figure 2.21). Again we have to consider
four cases on the basis of γi+1. (b) root(PDi) = root(PDi+1), γi+1 inserted
into γk

b-1 γi+1 initial tree, γi+1 substituted into γk

If γi+1 is an initial tree, using the lemma 2.16 we have that
Y IELD(derived(PDi)) = w1w2...wiX ↓ y1, with y1 ∈ NT ∗. Then,
since derived(PDi) = Λi, we have that X↓ is in the fringe of 〈Λi, i〉.
Moreover, using the lemma 2.16, we have that w1w2...wiwi+1 is a pre-
fix of Y IELD(derived(PDi+1)), then we have that Y IELD1(γi+1) =
wi+1, i.e. 〈γi+1, 0〉 is a direct initial dotted tree with left-anchor wi+1

(figure 2.22). By these considerations we can rewrite the substitution
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derived(PDi) = Λi γi+1

X↓y

wi+1...

w1... wi

X

Figure 2.22: Case b-1.

operation of LTAG as a substitution operation of DVTAG:

derived(PDi+1) = tree(root(PDi))[...γi+1/t...] =

= derived(PDi)[γi+1/t
′] =

= Λi[γi+1/t
′] =

= Λi+1

where

〈Λi, i〉
wi+1

−−−−−−−−−−−−−−−−−−−−−−−−→
Sub→(〈γi+1 ,0〉,〈Λi,i〉)

〈Λi+1, i + 1〉

In these equivalences we can write
tree(root(PDi))[...γi+1/t...] = derived(PDi)[γi+1/t

′] because the order
of rewriting of the nodes in a partial derivation tree does not affect
the corresponding partial derived tree. We have only to be careful to
change the original address t of X↓ in parent(γi+1), in the address t′

that is the address of X↓ in derived(PDi).

b-2 γi+1 left auxiliary tree, γi+1 adjoined into γk

If γi+1 is a left auxiliary tree, using the lemma 2.16 we have that
FRONTIER(derived(PDi)) = w1w2...wiy, with y = Y1...Ym ∈ NT ∗.
Since derived(PDi) = Λi, we have that the node Y , where γi+1 is
adjoined, belongs to right the fringe of 〈Λi, i〉. Suppose that this is
false, then Y is not on the path connecting the substitution node Y1

to the common ancestor of wi and Y1. But in this case, since Λi =
derived(PDi), it is impossible that wiwi+1 are contiguous symbols in
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FRONTIER(derived(PDi+1)), contradicting the lemma 2.166. More-
over, using the lemma 2.16, we have that w1w2...wiwi+1 is a prefix of
Y IELD(derived(PDi+1)), then we have that Y IELD1(γi+1) = wi+1,
i.e. is a direct left auxiliary tree with left anchor wi+1 (figure 2.23).
Then we can rewrite the adjoining operation of LTAG as an adjoining

derived(PDi) = Λi

X

γi+1

wi+1...X
∗

w1...wi Y1...Ym

X

Figure 2.23: Case b-2.

from the left operation of DVTAG:

derived(PDi+1) = tree(root(PDi))[...γi+1/t...] =

= derived(PDi)[γi+1/t
′] =

= Λi[γi+1/t
′] =

= Λi+1

where

〈Λi, i〉
wi+1

−−−−−−−−−−−−−−−−−−−−−−−−→
∇→

L
(〈γi+1,0〉,〈Λi,i〉,t′)

〈Λi+1, i + 1〉

Similar to the previous case, in these equivalences we have replaced the
original address t of X in parent(γn+1), in the address t′ that is the
address of X in derived(PDn).

b-3 γi+1 is right auxiliary tree, γi+1 adjoined into γk

If γi+1 is a right auxiliary tree using the lemma 2.16 we have that
FRONTIER(derived(PDi)) = w1w2...wiy, with y = Y1...Ym ∈ NT ∗.
Similar to the previous case, we have that the node Y where γi+1 is ad-
joined in belongs to the left fringe of 〈Λi, i〉. Moreover, using the lemma
2.16, we have that w1w2...wiwi+1 is a prefix of Y IELD(derived(PDi+1)),
then we have that Y IELD1(γi+1) = wi+1, i.e. is a direct right auxil-
iary tree with left anchor wi+1 (figure 2.24). Then in this case we can

6A similar argument can be applied also in presence of null item and if there are no
substitution nodes on the right of wi.
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derived(PDi) = Λi

X

γi+1

wi+1...X
∗

X

w1...wi Y1...Ym

Figure 2.24: Case b-3.

rewrite the adjoining operation of LTAG as an adjoining from the right
operation of DVTAG:

derived(PDi+1) = tree(root(PDi))[...γi+1/t...] =

= derived(PDi)[γi+1/t
′] =

= Λn[γi+1/t
′] =

= Λi+1

where

〈Λi, i〉
wi+1

−−−−−−−−−−−−−−−−−−−−−−−−→
∇→

R
(〈γi+1 ,0〉,〈Λi,i〉,t′)

〈Λi+1, i + 1〉

Again in these equivalences we have replaced the original address t
of X in parent(γn+1), in the address t′ that is the address of X in
derived(PDn).

b-4 γi+1 is wrapping auxiliary tree, γi+1 adjoined into γk

if γi+1 is a wrapping auxiliary tree, FRONTIER(derived(PDi)) =
w1w2...wiy with y = Y1...Ym ∈ NT ∗. Moreover in this case
FRONTIER(γi+1) = wi+1y1X

∗y2, with y1 and y2 ∈ NT ∗. This case
is very similar to the case b-2, and we can again rewrite the adjoining
of LTAG as an adjoining from the left of DVTAG (figure 2.25).

derived(PDi+1) = tree(root(PDi))[...γi+1/t...] =

= derived(PDi)[γi+1/t
′] =

= Λi[γi+1/t
′] =

= Λi+1
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derived(PDi) = Λi

X

γi+1

wi+1y1X
∗y2

w1...wi Y1...Ym

X

Figure 2.25: Case b-4.

where

〈Λi, i〉
wi+1

−−−−−−−−−−−−−−−−−−−−−−−−→
∇→

L
(〈γi+1,0〉,〈Λi,i〉,t′)

〈Λi+1, i + 1〉

only if part
=⇒

In this direction we prove that if there exists a left-context 〈Λi+1, i + 1〉 for
d then there exists a new partial derivation tree PDi+1 for D. Similar to the
previous direction of the proof we have to tell eight cases on the basis of the
operation used to update the left context 〈Λi, i〉 in 〈Λi+1, i + 1〉.

1 〈Λi+1, i + 1〉 is obtained with a Substitution, i.e.

〈Λi, i〉
wi+1

−−−−−−−−−−−−−−−−−−−−−−−−→
Sub→(〈γi+1,0〉,〈Λi,i〉)

〈Λi+1, i + 1〉

From the hypothesis that derived(PDi) = Λi, we have that the sub-
stitution node X↓ belonging to the fringe of Λi belongs to the frontier
of derived(PDi) too. Then we can build a partial derivation PDi+1

attaching the elementary tree γi+1 as a child of the elementary tree
that has X↓ on the frontier:

Λi+1 = Λi[γi+1/t
′] =

= derived(PDi)[γi+1/t
′] =

= tree(root(PDi))[...γi+1/t...] =

= derived(PDi+1)
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where t′ is the address of X↓ in Λi and t is the address t of X↓ in the
elementary tree (figure 2.22). This case correspond to the case (b-1) of
the other direction of the proof.

2 〈Λi+1, i + 1〉 is obtained with an inverse substitution, i.e.

〈Λi, i〉
wi+1

−−−−−−−−−−−−−−−−−−−−−−−−→
Sub←(〈γi+1 ,0〉,〈Λi,i〉)

〈Λi+1, i + 1〉

From the hypothesis that derived(PDi) = Λi, we have that the root
node of Λi is the root node of an elementary tree γk ∈ PDi. Then we
can build a partial derivation PDi+1 by attaching the the root of PDi

as a child of the elementary tree γi+1 (the elementary tree γk is the root
of PDi+1 only if it was the root of PDi):

Λi+1γi+1[Λi/t] = γi+1[PDi/t] = derived(PDi+1)

where t is the address of the substitution nide that belongs to the fringe
of Λi (figure 2.22). This case correspond to the case (a-1) of the other
direction of the proof.

Similar to these two cases, it is straightforward to show that each DVTAG
operation corresponds to a case of the other direction of the proof.

�

From the theorem 2.17 we can formulate the following corollary:

Corollary 2.18. A LTAG G1 generates only derivation trees D such that
exists a sequence of partial derivation trees of PD1, PD2, ...., PDn such that
each PDi is composed by the trees γ1...γi, if and only if there is a DVTAG
G2 that generates the same tree languages, and vice versa. Moreover, G1 and
G2 use the same lexicon.

By the theorem 2.17, we have that there is a one to one relation between
the sequences of partial derivation trees of PD1, PD2, ...., PDn of G1 and the
derivation chains of G2, then they generate the same tree language.

�

As consequence of this corollary, DVTAG class of grammars generates the
same tree languages of a subclass of LTAG grammars.
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So what we have introduced a new structure for LTAG called partial
derivation tree, and we have defined a sequence of partial derivation trees to
relate LTAG and DVTAG. In particular we have shown that there is a 1-to-1
relation between a sequence of partial derivations respecting some constraints
and a DVTAG derivation chain. If a LTAG grammar G1(E) produces only
derivation trees respecting the hypotheses of the theorem 2.17, there is a
strongly equivalent DVTAG grammar G2(E): in particular G1 and G2 use
the same lexicon.

2.7.3 Second equivalence theorem

In the previous sections we have shown (theorem 2.17) that under some
conditions, we can transform an LTAG derivation into a derivation chain for
a DVTAG grammar deriving the same final tree. In this section we show
that it is possible to define a subset of LTAG that produces only derivations
that respect the hypotheses of the theorem 2.17, that is possible to find a
sequence of partial derivation trees PD1...PDn = D such that each PDi uses
only the trees γ1...γi. At the end we show that each LTAG belonging to this
subset is equivalent to some LTAG with adjoining constraints [VS87], and
in this way we show indirectly that DVTAG has the same strong expressive
power of a subset of LTAG with constraints. Now we give a new definition
with the aim to characterize a particular class of derivation trees. In this
definition we use the relations < and ↘ defined on the nodes of a partial
derivation tree PD. We recall that: γ1 < γ2 if and only if the anchor of γ1

precedes the anchor of γ2 in PD; γ1 ↘ γ2 if and only if γ2 is a descendent of
γ1 in PD.

To improve the readability we use this shorthand: we say that γ2 inserts
on the left of γ1 or equivalently γ2 left modifies γ1 if parent(γ2) = γ1 and
γ2 < γ1. Specularly we say that γ2 inserts on the right of γ1 or equivalently
γ2 right-modifies γ1 if parent(γ2) = γ1 and γ1 < γ2.

Definition 2.19. Let D be a LTAG derivation tree, let PD be a partial
derivation tree of D is dynamic if:

1. Each node γi in PD has at most one child γj (parent(γj) = γi) such
that γj < γi. In words, each node of PD has at most one child that left
modifies it.

2. If a node γi in PD has a child γj (parent(γj) = γi) such that γi < γj,
then γj does not have a child γk (parent(γk) = γj) such that γk < γj.
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In words, if a node has a child that right-modifies it, this child has not
a child that left-modifies it.

In the following theorem we prove that each LTAG derivation D that
fulfills the hypotheses of the theorem 2.17, i.e. such that exists a sequence
of partial derivation trees of D PD1, PD2, ...., PDn such that each PDi is
composed by the trees γ1...γi, is a dynamic derivation. In this way we are
able to translate a global property, i.e. the connectivity of the subgraph
of the derivation tree, with some local properties of the trees belonging to
the derivation tree. This equivalence allows us to use local constraints, i.e.
adjoining constraints, to define a LTAG respecting the hypotheses of theo-
rem 2.17, and then that generates the same language of a generic DVTAG.

Theorem 2.20 (Equivalence 2). Let D be a derivation tree formed by the
nodes γ1...γn of LTAG G1(E) that generates the string w1...wn. A sequence
of partial derivation trees PD1, PD2, ...., PDn of D exists and PDi is formed
by γ1...γi (∀ i ∈ 1...n) if and only if D is dynamic.

We prove the theorem by reductio ad absurdum.

if part
=⇒

Let D be a derivation tree formed by the nodes γ1...γn of LTAG G1(E) that
generates the string w1...wn. Suppose that D is dynamic and it does not
exist a sequence of partial derivation trees PD1, PD2, ...., PDn of D such
that PDj is formed by γ1...γj (∀ j ∈ 1...n). We have that ∃i such that γi+1

cannot be connected to PDi to form a partial derivation tree and respecting
the hypotheses of the theorem. We can tell three possible relations between
γi+1 and PDi:

1. γi+1 ∈ D is a descendent of γk ∈ PDi, i.e. γk ↘ γi+1, but by absurd
hypothesis there are not in PDi the elementary trees η1...ηl connecting
γk with γi+1. Since does not exist a partial derivation PDi+1 we are
sure that γk is not the parent of γi+1 (figure 2.26). We have that
γk < γi+1 and γk ↘ γi+1. By the hypothesis that PDi is a partial
derivation tree composed only by the trees γ1...γi we can say also that
∀ηj j ∈ 1...l, we have γi+1 < ηj. Now consider the trees η1...ηl: we know
that γi+1 is inserted on the left of ηl. Now if ηl is inserted on the right
of ηl−1 D is not dynamic, because a left modified tree (ηl) is inserted
on the right of another tree (ηl−1). With the same approach we can
prove that if the derivation is dynamic each ηj is inserted on the left of
ηj−1 with j ∈ 2...l. From this fact we can say that D is not dynamic:
in fact the left modified tree η1 is inserted on the right of γk, since
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PDi

γk

γi+1

η1

ηl

Figure 2.26: Case 1 of the theorem 2.20.

γk < η1, and then the second condition of the definition of dynamic
LTAG (definition 2.19) is not fulfilled. We arrive at a contradiction.

2. γk = root(PDi) is a descendent of γi+1, but there are not in PDi the
elementary trees η1...ηl connecting γk with γi+1 (figure 2.27). Similar to

PDi
γk

γi+1

η1

ηl

Figure 2.27: Case 2 of the theorem 2.20.

the previous case we can say that ∀ηj j ∈ 1...l, we have γk < γi+1 < ηj.
We know that γk is inserted on the left of ηl. As well as in the previous
case of the theorem we can prove that if the derivation is dynamic each
ηj is inserted on the left of ηj−1 with j ∈ 2...l. From this fact we can
say that D is not dynamic: in fact now the left modified tree η1 is
inserted on the right of γi+1, since γi+1 < η1, and then again the second
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condition of the definition of dynamic LTAG (definition 2.19) is not
fulfilled. Then we have arrived to a contradiction.

3. In this case γk = root(PDi) is not is a descendent of γi+1, and γi+1 is
not an offspring of any tree in PDi. Then there is an elementary tree γl

that is the lowest ancestor of γi+1 and γk in D, γl ↘ γk and γl ↘ γi+1.
Then the trees η1...ηl leading from γk to γl and the trees δ1...δm leading
from γi+1 to γl are not in PDi (figure 2.28). Consider initially that l
and m are both not zero. By the hypotheses we know that γk < γl,
γi+1 < γl and that t γk < ηj j ∈ 1...l, γi+1 < δp p ∈ 1...p. Then similar
to the previous cases, since the derivation is dynamic we can say that
ηl is inserted on the left of ηl−1 and δm is inserted on the left of δm−1

Applying the same arguments of the previous cases we can say that if
the derivation is dynamic then η1 and δ1 are both inserted on the left of
γl. But thus fact is contradict the first condition of dynamic derivation.
We arrive at the same result if we suppose l or m equal to zero, then
if we suppose that γk or γi+1 is a child of γl. Again we have arrived to
a contradiction.

γl

PDi

γk

η1

ηl

γi+1

δ1

δm

Figure 2.28: Case 3 of the theorem 2.20.

Only if proof
⇐
Suppose that for the derivation tree D exists a sequence of partial derivations
trees PD1...PDn respecting the hypotheses of the theorem 2.17 and suppose
that D is not a dynamic derivation. Now we have two main cases:

1. D is not dynamic because the first condition of definition of dynamic
LTAG (definition 2.17) is not fulfilled, then there are two children that
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left-modify the same parent: ∃γk γi γj ∈ D such that parent(γi) =
parent(γj) = γk and γi < γk, γj < γk. We have to tell two sub-cases:

wi < wj

Consider the partial derivation tree PDj: by definition of partial
derivation it has to be obtained inserting γj in PDj−1. But this
is not possible because the tree γk, that connects the elementary
tree γi belonging to PDj−1 to γj, does not belong to PDj−1. We
have arrived to a contradiction.

wj < wi

In this case we have to swap the role of wi and wj of the previous
case. Consider the partial derivation tree PDi: by definition of
partial derivation it has to be obtained inserting γi in PDi−1.
But this is not possible because the tree γk, that connects the
elementary tree γj belonging to PDi−1 to γj, does not belong to
PDi−1. Again we have arrived to a contradiction.

2. D is not dynamic because the second condition of definition 2.17 is
not fulfilled. Then there is a child left-modified that right modifies is
parent: ∃γkγiγj ∈ D such that parent(γj) = γk and parent(γk) = γi,
and γi < γk, γj < γk. As well as in the previous case we have in the
hypotheses that γi < γk and γj < γk, and again we have to tell the
same two sub-cases obtaining exactly the same proof.

�

Using the corollary 2.18 and the theorem 2.20, we can formulate this
corollary:

Corollary 2.21. DVTAG is strongly equivalent to dynamic LTAG.

In this section we have shown that the hypotheses of the corollary 2.18
can be reduced to the condition that the LTAG is dynamics. In the next
sections we first remove the hypothesis of a singular anchor for derivation
tree, and second we show that dynamic LTAG can be obtained from LTAG
with constraints.

Multi-anchored elementary trees

In LTAG all the lexical items of a single elementary tree are inserted at the
same time in the partial derived sentence. In DVTAG only the left anchor
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of an elementary tree is inserted in the partial derived sentence: the other
lexical items will be inserted later in the derivation through shift operation.
With the aim to hold the 1-to-1 relation between partial derivation tree and
partial derivation chain, we need to modify the derivation tree of LTAG by
inserting some new dummy-operations that insert all the lexical items but
the left-most.

Suppose that the derivation tree D for LTAG includes a multi-anchored
tree. In this case we can rewrite the derivation tree D in a new derivation
tree D′, such that each lexical item but the leftmost is inserted through a
special type of substitution (dummy-operation). We want to represent an
elementary tree γ anchored by w1...wl, as l distinct elementary trees γ1...γl.
γ1 is equal to the tree γ. γj with j ∈ 2...l is an idiosyncratic tree with a single
lexical item wj: tree(γj) = wj j ∈ 2...n. In this way we can build tree(γ)
by γ1[γ2/t2...γl/tl], where t2...tl are the Gorn addresses of w2...wl in γ. This
is not a standard substitution because we are substituting a particular tree
with a single node that is a terminal symbol, in a terminal node with the
same terminal symbol (figure 2.29). Now we can change the proof of the

γ

γ2 γ3 ...γl

γ1

Figure 2.29: A multi-anchored tree γ can be rewritten in the derivation tree
as a group of elementary trees.

lemma by adding a new b-case that takes into account these new dummy
substitution operations. In particular this new type of substitution of LTAG
has an equivalent in the Shift operation of DVTAG (figure 2.30). We can

wi+1

derived(PDi) = Λi

γi+1

w1...wi wi+1...

Figure 2.30: Case b-5: the elementary tree γi+1 is formed by the singular
node wi+1.

say that wi+1 belongs to the fringe of Λi because wi and wi+1 are adjacent
in PDi+1.
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b-5 If γi+1 is an single anchored elementary tree formed only by the terminal
symbol wi+1

derived(Λi+1) = tree(root(PDi))[...γi+1/t...] =

= derived(PDi)[γi+1/t
′] =

= Λn[γi+1/t
′] =

= Λi+1

where

〈Λi, i〉
wi+1

−−−−−−−−−−−−−−−−−−−−−−−−→
Shi(〈Λi,i〉)

〈Λi+1, i + 1〉

We have shown that through the introduction of a dummy-substitution op-
eration in LTAG, we are able to separate the derivation of a single multi-
anchored elementary tree in several partial derivation tree. This fact allows
us to hold the 1-to-1 relation between the partial derived trees of a LTAG
derivation and the left-contexts of a derivation chain.

2.7.4 Adjoining constraints and dynamic LTAG

In this section we show that dynamic LTAG can be implemented using a
LTAG with constraints. For sake of simplicity we show that is true using only
adjoining operation because the generalization using also the substitution is
straightforward.

A dynamic LTAG is a LTAG that generates only dynamic derivation trees,
and the definition of dynamic derivation trees is based on two limitations
(cf. definition 2.19). We define a procedure that takes as input a dynamic
LTAG, and returns an equivalent LTAG with constraints. The basic idea used
in the procedure is that we can forbid the adjoining of more than one left-
modifying7 tree (first condition of dynamic derivation tree), and we can forbid
the right modifying adjoining on a tree that left-modifies another tree (second
condition of dynamic derivation tree) using selective adjoining constraints.

The first condition of dynamic derivation tree can be fulfilled by selective
adjoining constraints. We replace each original tree γ of the dynamic LTAG
with several trees. Each one of these trees allows only one left-modifying
adjoining on a singular node.

Also the second condition of dynamic derivation tree can be fulfilled by
selective adjoining constraints. We can check whether the adjoining of a tree

7with left (right) modifying adjoining we intend the adjoining of a tree β on a tree γ

such that β left-modifies (right-modifies) γ.
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Figure 2.31: Example of dynamic derivation implemented through adjoining
constraints. In the first step of the procedure we build some new elementary
trees that allow adjoining in the right-side and disallow adjoining in left-side.
Starting from these trees in the second step, we add to the lexicon some new
trees allowing at most one adjoining in the left-side.

β on the tree γ left-modifies γ or alternatively right-modifies γ. If β left-
modifies γ, and γ right-modifies another tree δ, we replace in the grammar
γ with two trees γ1 and γ2. γ1 and γ2 are equal, but γ1 allows the adjoining
of β, γ2 does not. Then, we again replace in the grammar the tree δ with a
new tree δ′, that allows only the adjoining of γ2. The procedure is based on
two steps:

1. For each tree γ in the lexicon E we first define a new tree γ0. For
each node Xi in γ0 we define on Xi a selective adjoining constraint
that allows right-modifying adjoining and disallows the left-modifying
adjoining.

2. For each non-terminal Xi ∈ γ0, with γ0 created at the step one, one
constructs a new tree γXi that is equal to γ0 but the selective adjoining
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constraint on Xi is modified such that it allows left-modifying adjoining.
In γXi the left-modifying adjoining is allowed only on the node Xi.

At the end of this procedure, we have a new lexicon for a LTAG with con-
straints composed by all the tree built in the two steps of the procedure:
this LTAG generates only dynamic derivation. In figure 2.31 is depicted an
example of application for this procedure.

In this section we have shown that for each dynamic LTAG, and then for
each DVTAG, there is a LTAG with constraints that derives the same tree
language. In the next section we show that the vice versa is false.

2.7.5 DVTAG and recursion

In the previous sections we have shown that DVTAG is included in LTAG, in
this section we show that the reverse is not true, i.e. that LTAG can generate
tree languages that DVTAG cannot generate. Since, we have proved that
DVTAG is equivalent to a dynamic LTAG, we show that LTAG can generate
tree languages that dynamic LTAG cannot generate.

For each LTAG dynamic derivation D that uses the trees γ1...γn, there
exists a sequence of partial derivation trees of D PD1, PD2, ...., PDn such
that each PDi is composed by the trees γ1...γi (theorem 2.17). Figure 2.32(a)
depicts an example of LTAG that does not fulfill in this requirement. This
is not a dynamic LTAG because it generates the derivation trees (figure 2.32
(b) (c)). This fact seems to be a consequence possible recursion in the
derivation tree. There an unbounded number of βb that can separate αz

from βa in the derivation tree. Moreover, the derived trees corresponding to
these derivation trees cannot be generated using dynamic derivation trees. In
chapter 3 analyze this issue with respect to a linguistic perspective. We show
that the derived trees corresponding to some non dynamic LTAG linguistic
derivations, can be also generated by using a dynamic LTAG, and so by using
a DVTAG.

2.8 CF ⊂ DVTAG strongly

Because we have previously shown that dynamic LTAG is equivalent to DV-
TAG, to prove that CF ⊂ DVTAG, we show that context-free grammars are
included in dynamic LTAG. Then we show that given a context-free grammar
G there is a dynamic LTAG G′ generating the same tree language. In partic-
ular we use the results of [SW95] that for each context-free grammar exists a
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Figure 2.32: A non dynamic LTAG: the tree language producted is not gen-
erable by a DVTAG.
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lexicalized tree insertion grammar (LTIG) that is strongly equivalent. LTIG
is a particular LTAG with some limitations on the shape of the elementary
trees in the lexicon, and with other limitations on the applicability of the
operations of substitution and adjoining. In particular, the LTIG grammar
that is generated starting by a finitely ambiguous context-free grammar with
a lexicalization procedure [SW95] has these two key features8:

• All the auxiliary trees in the lexicon are right auxiliary9.

• For all elementary trees in the lexicon the first nonempty frontier ele-
ment other than the foot, if any, is a lexical item.

A3 → A4A1 → b

A1 → A2a A3 → A3c

A2 → A3 A4 → A1

A3

A
∗

3
c

A1

b

A2

A3

A
∗

4

A1

a

A4

A2

A3

A4

A1

b

A1

a

αba αb βc βa

Figure 2.33: Example of grammar generated by the procedure described in
[SW95] to convert a context-free grammar in a LTIG grammar.

In figure 2.33 is depicted an example of input-output for this procedure. On
the left side of the figure there is a CF grammar, and on the right of the figure
there is a set of elementary trees generated by the lexicalization procedure.
There are two initial trees and two auxiliary trees.

In general the LTIG grammar generated by the lexicalization procedure
are not dynamic LTAG. Now we show that starting from a LTIG, with prop-
erties enumerated above, we can build a new LTIG, that uses a different
lexicon but generates the same tree language, that is dynamic.

8Here we are considering the form of LTIG has the same strong generative power of
CF, but the general LTIG defined in [SW95] has strong generative power (but not weak)
greater then CF grammars.

9In the definition of right auxiliary trees of [SW95], it is possible for a right auxiliary
tree to have nodes on the left of the spine, but in this case these nodes must have on
the frontiers only ε nodes. In this case we have to use adjoining constraints to disallow
adjoining on these nodes.
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Lemma 2.22. For each LTIG G(E) produced by the lexicalization proce-
dure exists a dynamic LTIG G′(E ′): in particular G′(E ′) only does generate
derivations without tree inserted on the left of another tree10.

Each elementary tree belonging to the E has a lexical item as leftmost
symbol of the frontier other than the foot. That is if γ1 and γ2 are two
elementary trees belonging to E , such that in a derivation tree D generated
by G parent(γ2) = γ1 and γ2 < γ1, then we can say that γ2 and γ1 are
auxiliary trees. In figure 2.33 this case is possible only adjoining βc on the
spine of βa. In other words it is possible to insert a tree γ2 on the left of a
tree γ1 only through the adjoining of γ2 on the spine of an auxiliary tree γ1.

Another characteristic of the lexicon E for LTIG obtained by lexicalization
procedure is that we can define an order relation on the non-terminal nodes
of the elementary tree, that is used by the lexicalization procedure and that
characterizes the spines of the auxiliary trees. The lexicalization procedure
uses a generic order A1 ≺ A2 ≺ ... ≺ An with Ai ∈ NT , such that for every
auxiliary tree β, if label(root(β)) = Ai then for every node labeled with Aj

along β’s spine where adjunction is allowed Aj ≺ Ai
11.

Starting from elementary trees with root equal to A1 (i = 1), that by
hypothesis have no nodes on the spine, we adjoin these trees on the spine
nodes of trees with root labelled with Aj with j > 1. This procedure is
iterated by increasing the value of i. The result of each individual operation
is a larger multi-anchored tree that is added to the lexicon. We denote the
new tree obtained inserting γi on the left of γj as γij. We produce in this
way a new lexicon E ′ and then a new grammar that generates the same tree
language without operations on the left side.

In figure 2.34 we have the elementary trees of the figure 2.33 after the
application of the procedure used to prove the previous lemma: the new tree
βca is built and put in the lexicon. In the below of the figure is reported the
original derivation tree to derive the string “bcaa”, and a new derivation tree
that does not use insertion on the left.

Corollary 2.23. For each finitely ambiguous context-free grammars G that
does not generate the empty string, there is a DVTAG grammar G′(E ′) that
generates the same tree languages.

Using the procedure described in [SW95] we obtain a LTIG G(E). This
lexicon E satisfies the hypothesis of the lemma 2.22, and so we can produce a
G′(E ′) DVTAG such that it generates the same tree language of the context-
free G.

10See the definitions of page 77
11This relation is close to the relation defined in [Rog94] and in [Chi01] to characterize

the LTAG grammars that generate context-free string languages.
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Figure 2.34: Lexicon for a dynamic LTIG.

2.9 DVTAG and mildly context-sensitive power

In this section we use the results of the previous section to prove the main
result of this chapter, that DVTAG is a mildly context-sensitive formalism.

As we described in the previous chapter there are four properties that
define the class of mildly context-sensitive formalism:

1. Generation of cross-serial dependencies

2. Proper inclusion of context-free languages

3. Polynomial time complexity of parsing

4. Constant growth property
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It is worth noting that the third and fourth property for DVTAG are a
straightforward consequence of inclusion of DVTAG in LTAG. In the theo-
rems 2.17 and 2.20 we have shown that DVTAG produce the same languages
of a dynamic LTAG. In section 2.7.4 we have shown that dynamic LTAG
is a subset of LTAG with constraints. Then we have indirectly shown that
DVTAG generate the same language of a subset of LTAG with constraints.

As first consequence we can say that DVTAG is polynomially parsable
because LTAG with constraints is polinomially parsable. In fact in the last
years there were defined many algorithm to parse LTAG with features ([VS87]
[Sch90] for instance), and as it was showed in [VS87], LTAG with constraints
are equivalent to LTAG with features. Then these algorithms can be used to
parse DVTAG in polynomial time.

DVTAG languages are polynomially parsable using a LTAG parser, but
the LTAG parsers do not respect the strong connectivity hypothesis. For
instance, the bottom-up parser proposed in [VS87] does not carry a fully
connected structure in the chart. For instance, consider the Earley parser
described in [Sch90]. In this case the derivation tree is traversed in a top-
down fashion. The sequence of the partial derivation trees recovered by
this parser, does not respect the hypotheses of theorem 2.17. In fact the
prediction step for substitution and adjoining o f the Earley strategy does
not take into account of the anchor of the elementary tree predicted. In
other words, the sequence of partial derivation trees that fulfills the strong
connectivity hypothesis, and described in the theorem 2.17, is not (always)
equal to the sequence produced by the LTAG parser. In contrast, if we use a
left-corner parser on a dynamic LTAG, we have a chart representation of the
DVTAG left-context [VVA02] [V. 03]. Moreover, in this case we can map the
LTAG operations performed by the parser with the operations of DVTAG.

As second consequence we can say that DVTAG has the constant growth
property. This property concerns the capacity of growing of the length of
the string generated by the grammars. Since DVTAG is a subset of LTAG
and LTAG has the constant growth property, also DVTAG has this property.

Now we show that the first and second property of mildly context sensitive
definition, that are not direct consequence of the inclusion of DVTAG in
LTAG, are fulfilled by DVTAG.

Generation of cross-serial dependencies

One of the point in the definition mildly context-sensitive is about the possi-
bility of generating only some kinds of dependencies as nested and cross-serial
dependencies, without generating other types of dependencies, as the depen-
dencies showed by MIX-languages. Formally speaking we can say that a
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dependency is a relation between symbols in a string. We say that the string
abccba has nested dependencies if the first symbol a is in relation with sec-
ond symbol a, the first symbol b is in relation with second symbol b, the first
symbol c is in relation with second symbol c. Similarly we say that the string
abcabc has cross-serial dependencies again if the first symbol a is in relation
with second symbol a, the first symbol b is in relation with second symbol
b, the first symbol c is in relation with second symbol c. For lexicalized for-
malisms we can say that a grammar generates a dependency if the symbols
that are in relation belong to the same elementary structure involved in the
derivation of the string.

DVTAG can generate nested and cross-serial dependencies. Since nested
dependencies are generated also by context-free grammars, here we show only
how DVTAG generate cross-serial dependencies ([LS02b], [Maz03]). In figure
2.35 is reported the derivation of the string abcabc: the DVTAG grammar
lexicon is formated by the trees αa, βb, βc is showed in figure. Note that βb and
βc are equal but the lexical items. The first operation of the derivation chain,
as usual is an initial operation: the initial dotted tree 〈αa, 0〉 is used to build
the first left context 〈Λ1, 1〉. The second operation is an adjoining from the
left: the auxiliary dotted tree 〈βb, 0〉 is adjoined in the left-context 〈Λ1, 1〉
at node S belonging to fringe. Again, the third operation is an adjoining
from the left operation: the auxiliary dotted tree 〈βc, 0〉 is adjoined in the
left-context 〈Λ2, 2〉 at node S belonging to fringe. The last three operations
are shift operations: the symbols a, b, c update the states and to arrive to
final left-context 〈Λ6, 6〉.

Proper inclusion of context-free languages

With the theorem 2.23 we proved that for each context-free grammar there is
a DVTAG deriving the same tree language, the we proved that context-free
languages are included in DVTAG languages. In this section we prove that
this inclusion is a proper inclusion, then that DVTAG can generate context-
sensitive language. In figure 2.36, the trees βa βb and αe are a lexicon for the
DVTAG that produces context-sensitive string languages:

L = {wew′ | w, w′ ∈ {a, b}∗, |w| = |w′|,
number of a in w = number of a in w′,
number of b in w = number of b in w′ }.
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Figure 2.35: The derivation of the string abcabc with cross-serial dependen-
cies.
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Figure 2.36: The first three steps of the derivation of the string abeab.

This language is the context-sensitive language12 related to example discussed
by Shieber ([Shi85]) against the context-freeness of natural languages. In fig-
ure are depicted the first three step of the derivation for the string “abeab”.
The first step of derivation is an Initialization operation: the elementary
dotted tree 〈βa, 0〉 is used to build the left-context 〈Λ2, 1〉. The second oper-
ation of the derivation is a adjoining from the left operation: the elementary
dotted tree 〈βb, 0〉 is used to build the left-context 〈Λ2, 2〉. In the third oper-
ation the left-context is involved in a inverse adjoining from the left to build
the left-context 〈Λ5, 5〉. The last two steps are two Shift operations, to build
the left-contexts 〈Λ4, 4〉, 〈Λ5, 5〉 respectively.

Summary

In this chapter we have formalized the definition of DVTAG with the aim
to show the expressive power of the formalism. We have introduced the

12The intersection of L with the regular language a∗b∗ea∗b∗ gives the language
anbmeanbm: the CF-languages are closed under intersection with regular languages, then
L is not context-free.
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concept of partial derivation for LTAG, and we have proved that DVTAG is
strongly equivalent to a subset of LTAG. After that, we have shown that this
subset is a proper subset of LTAG with adjoining constraints. Again we have
proved that DVTAG is strongly adequate to capture the class of context-free
languages. At the end of chapter we have used these facts to prove the main
result of this chapter, i.e that DVTAG is mildly context-sensitive formalism.

In the next chapter we analyze some consequences of the results found in
this chapter from a linguistic point of view.
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Chapter 3

Linguistic issues in DVTAG

In chapter 1 we have introduced DVTAG, and we have explained how the
underspecified lexical items project a syntactic structure that includes the
so-called predicted nodes. A DVTAG elementary dotted tree can be divided
in two parts, a left-side and a right-side. The nodes belonging to the left side
are projected by the left-anchor, the only lexical item scanned in a deriva-
tion step. In contrast, the nodes belonging to the right side, the predicted
nodes, are projected by underspecified lexical items, and they have a non-
instantiated head-variable. In figure 3.1 is depicted a DVTAG elementary

NP(John)

S( v1)

N

John

VP( v1)

V
v1 :

pleases

likes

eats

loves

...

NP↓ ( v2)
RL

Figure 3.1: The two parts of a DVTAG elementary trees: the shadowed
area contains all the nodes that are projected by the left-anchor. The non-
shadowed area contains the predicted nodes, i.e. the nodes that are projected
by the underspecified terminal nodes.

tree in which the left-anchor is the lexical item John. The only node pro-
jected by John is the NP node. Moreover, the tree contains an underspecified
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lexical item in the verb position, that projects the predicted nodes VP, S,
and NP1. In the analysis of the formal properties of DVTAG, carried on in
chapter 2, we have neglected predicted nodes. In fact, this issue, which is
fundamental in the description of the linguistic structures, is irrelevant for
the mathematical characterization. In this chapter we study some linguistic
issues related to DVTAG derivation.

In section 3.1 we analyze the role played by the head-feature in the deriva-
tion. We review the DVTAG operations, and we see how the head-feature
of the nodes is updated during the incremental construction of the derived
tree.

In section 3.2 we turn our attention to dynamics. We have defined (chap-
ter 2) a subset of LTAG called dynamic LTAG and we have shown that it
is strongly equivalent to DVTAG. It is worth noting that a dynamic LTAG
derivation can be straightforwardly translated into a DVTAG derivation by
introducing head-features. In section 3.2 we provide the DVTAG analysis for
a number of linguistic constructions that receive a non-dynamic derivation
in LTAG, and we provide an extension of the DVTAG formalism with the
aim to derive the construction of embedded clauses in Dutch.

Then, the section 3.3 concerns lexical dependencies. The LTAG derivation
tree represents the derivation history of a sentence; at the same time it reports
the lexical dependencies holding between the words belonging to the sentence.
The derivation chain of DVTAG reports the history of the derivation but it
does not account for the lexical dependencies. So, in section 3.3 we provide
an algorithm to extract the lexical dependencies from the left-context by
using the head-feature.

Finally, in section 3.4 we introduce a DVTAG version of the CETM prin-
ciple. The CETM principle (Condition on Elementary Tree Minimality) de-
fines the extension of the elementary trees in LTAG. The predicted nodes
are a feature that allows for a greater extension of the DVTAG elementary
structures in comparison with LTAG. The DVTAG version of the CETM
principle takes into account the predicted nodes.

3.1 The head-feature in DVTAG operations

In a DVTAG derivation, the head-variable of a non terminal node can be
instantiated through the operations of shifting, substitution and adjoining.
The definitions provided in chapter 2 do not take into account the head-
feature, since this aspect of DVTAG does not affect the expressive power

1Following the LTAG approach we consider the NP in the object as belonging to the
extended-projection of the verb [Fra02].
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of the formalism. However, the head-feature is crucial for the linguistic de-
scription, so we have to specify how the head-variables are instantiated in a
DVTAG derivation.

The adjoining operations involve three different nodes: the foot and the
root nodes of the auxiliary tree, and the adjoining node. In LTAG a particular
type of feature structure is used to constrain the interaction of these three
nodes [VS87]: the features of a non terminal node are split in two sets, the
top feature set and the bottom feature set. The top feature set contains the
features that express the linguistic relations of the node with its ancestors
and siblings. The bottom feature set contains the features that express the
linguistic relation of the node with its descendants. For each node of a final
derived tree the top and bottom feature sets have to unify. Top and bottom
feature sets have a particular role in the adjoining operation: the top feature
set of the adjoining node unifies with the top feature set of the root of the
auxiliary tree; moreover, the bottom feature set of the adjoining node unifies
with the bottom feature set of the foot of the auxiliary tree (figure 3.2 (a)).
By using top and bottom feature sets, it is easy to implement the obligatory
and selectional adjoining constrains in LTAG with features [VS87], [DHS+00].
For instance, the obligatory adjoining on a node can be implemented giving
different values to the top and bottom feature sets. Figure 3.2 (b) shows
an example of obligatory adjoining constraint based on the top and bottom
feature sets ([AR00] pag. 14). The VP node in the tree anchored by seen has
different values for the feature “tense” in the top and bottom feature sets:
in fact the ancestor of the VP node requires a tensed clause because it has
a subject child. In contrast, the descendant of the VP node, i.e. the verb,
behaves like a non-tensed clause. After the adjoining of the auxiliary tree
anchored by the word has, the unification mechanism modifies the values of
the “tense” feature in the root, foot and adjoining node. Before the adjoining,
the top and bottom feature sets do not unify, because there are different
values for the feature “tense”. This is equivalent to obligatory adjoining
constraint because in each node of a final derived tree the top and bottom
features have to unify. After the adjoining the top and bottom features unify.

We can use the same feature mechanism of LTAG in DVTAG, i.e. we can
define linguistic features for the nodes of DVTAG elementary dotted trees
and use top and bottom feature sets. In particular, we make explicit the
value of the head-feature only in the bottom feature set. The reasons of
this choice will be evident when we present the mechanism to extract the
lexical dependencies from the derived tree (see. section 3.3). Now we specify
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Figure 3.2: The LTAG feature mechanism for the adjoining. For each non
terminal node, there are a top feature structure and a bottom feature struc-
ture. (a) After the adjoining, the top feature set of the adjoining node unifies
with the top feature set of the root of the auxiliary tree, and the bottom fea-
ture set of the adjoining node unifies with the bottom feature set of the foot
of the auxiliary tree. (b) An example of top and bottom feature sets used to
implement obligatory adjoining constraint [AR00].

the mechanism for updating the head-feature for the operations of shifting,
substitution and adjoining.

Shifting

If we use underspecified lexical items in the elementary trees of DVTAG,
the shift operation allows us to instantiate the value of an underspecified
terminal node. At the same time the shift also instantiates the head-variable
of the non-terminal nodes projected by the underspecified lexical item. In the
derivation depicted in the figures 3.3 the shift operation on thinks grounds
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Figure 3.3: Update of the head feature in the shifting operation.

the underspecified lexical item in the verb position to the value thinks. At
the same time all the non-terminal nodes with v1 are instantiated to thinks.
In other words, given the lexical item that instantiates an underspecified
terminal node, the shift operation unifies the head-values of that node with
the new ground value.

Substitution

In the case of substitution and inverse substitution the top and the bottom
features sets of the the root of the substituting tree (elementary tree or left-
context, respectively) is unified with the the top and the bottom features sets
of the substitution node. There are two possibilities. The head-feature of the
root is grounded, i.e. the root is the projection of a fully specified terminal
node: in this case the new value of the head variable corresponds to the
ground value (apples grounding in figure 3.4 (a)). The second possibility is
that the head-variable of the root is ungrounded, i.e. the root is the projection
of an underspecified terminal node: in this case the new head-value will be
a new variable (see the elementary dotted tree 〈αred, 0〉 in figure 3.4 (b))).

Adjoining

As well as in LTAG, for the adjoining operations, the top feature set of the
adjoining node unifies with the top feature set of the root of the auxiliary
tree, and the bottom feature set of the adjoining node unifies with the bottom
feature set of the foot of the auxiliary tree. In figure 3.5 (a), in the adjoining
of 〈βoften, 0〉 in 〈Λ2, 2〉, the head-variable v3 unifies with the head-variable
v1. In figure 3.5 (b), in the inverse adjoining of 〈Λ2, 2〉 in 〈αMary, 0〉, the

head-variable v3 unifies with the head-variable v1.
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Figure 3.4: Update of the head feature in the substitution operations.

We have shown how DVTAG operations update the value of the head-
variable of the nodes. We have seen that we can use in DVTAG the same
feature structure used in LTAG, keeping apart a top and a bottom feature
structures. The head-feature is absent in the top feature set, as well as the
feature “tense” has no value in the root node of the auxiliary tree anchored
by has in figure 3.2 (b). We see in section 3.3 that this mechanism allows
us to extract the correct lexical dependencies from the left-context. In the
remaining part of the thesis we keep on representing the head-feature without
an explicit representation of the feature structure.

The mechanism of update of the head-features allows us to take into
account the predicted nodes in the DVTAG derivation. In figure 3.6 there is
a DVTAG that derives the sentence
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Figure 3.5: Update of the head feature in the adjoining operations.

(3.1) John thinks Mary often eats apples

The elementary dotted trees 〈βJohn, 0〉, 〈αMary, 0〉 and 〈βoften, 0〉 contain pre-
dicted nodes (figure 3.6). The shift (1) (figure 3.7 (a)), begins the deriva-
tion producing the first left-context. In the shift (2) (figure 3.7 (a)), the
head-variable v1 is instantiated to the ground value thinks. In the inverse
adjoining from the left (3) (figure 3.7 (a)), the head-variable v3 is unified
with the head-variable v2. In the adjoining from the left (4) (figure 3.7 (b)),
the head-variable v5 is unified with the head-variable v2. In the shift (5)
(figure 3.7 (b)), the head-variable v2 is instantiated to the ground value eats.
In the substitution (6) (figure 3.7 (b)), the head-variable v4 is instantiated
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John
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...

S∗( v2)
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V
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...
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�
VP∗( v5)

〈βoften, 0〉 〈αapples, 0〉

NP(apples)

N

apples

Figure 3.6: A DVTAG deriving the sentence John thinks Mary often eats
apples.

to the ground value apples.

3.2 Generative power and linguistic analyses

in DVTAG

Both DVTAG and LTAG do not assume any specific linguistic theory, but
they are formal systems where linguistic theories can be specified. A linguistic
theory specifies the elementary structures that are used to derive the repre-
sentations of linguistically plausible constructions. DVTAG is designed on
three basic assumptions: incrementality in competence, strong connectivity,
and adjoining to factorize the recursion. The strong connectivity hypothesis
constrains the formalism to insert each new word into the left-context. Since
the language is derived from left to right, a consequence of the strong con-
nectivity hypothesis is that DVTAG is an asymmetric system. The DVTAG
asymmetry constrains the elementary structures differently in comparison
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Figure 3.7: (a) The derivation of the sequence John thinks Mary often eats
apples.
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Figure 3.7: (b) The derivation of the sequence John thinks Mary often eats
apples.
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madly

βmadly

NP↓

�
αloves

���

John

NP

�

αJohn

NP↓
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NP

�

αMary

(a)

loves

�

1 2 · 2 2

(c)

John

Mary

loves

madly

αloves

αJohn αMary βmadly

Figure 3.8: A LTAG (a), the derived tree (b) and the derivation tree (c) for
the sentence (3.2).

with LTAG. The symmetry of the LTAG in fact, seems to allow for a greater
freedom in linguistic description. In chapter 2 we have shown that DVTAG
is equivalent to dynamic LTAG, i.e. a subset of LTAG that produces only dy-
namic derivation trees. We recall here the definition of a dynamic derivation
tree D (definition 2.19):

1. Each elementary tree γi in D has at most one child γj (parent(γj) = γi)
such that γj < γi. That is, each node in the derivation tree has at most
one child that left modifies it.

2. If a node γi in D has a child γj (parent(γj) = γi) such that γi < γj,
then γj has not a child γk (parent(γk) = γj) such that γk < γj. That
is, if a node in the derivation tree has a child that right-modifies it, this
child has not a child that left-modifies it.

We can straightforwardly obtain a DVTAG derivation from a LTAG dynamic
derivation. Consider the sentence:

(3.2) John loves Mary madly
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In figure 3.8(a) it is depicted a LTAG deriving this sentences; in figures 3.8(b)
and 3.8(c) it is depicted the dynamic derivation tree and the corresponding
derived tree respectively. In figure 3.9(a) we report the DVTAG obtained
from the LTAG of figure 3.8(a), using a straightforward translation: each non
terminal node is augmented with the head-feature, i.e. with a feature that
contains the lexical item projecting the node (straightforward conversion).
We report the DVTAG derivation for the sentence (3.2) in figure 3.9(b) Note
that the DVTAG derivation chain is obtained from the LTAG derivation tree
by using the procedure described in the theorem 2.17. For example, the
substitution of αJohn in αloves corresponds to the inverse substitution of the
left context 〈Λ1, 1〉 in the elementary dotted tree 〈αloves, 0〉; the substitution
of αMary in αloves corresponds to the substitution of 〈αMary, 0〉 in the left
context 〈Λ2, 2〉; the adjoining of βmadly in αloves corresponds to the adjoining
from the right of the 〈βmadly, 0〉 in the left-context 〈Λ3, 3〉.

We have pointed out in chapter 1 that, the DVTAG predicted nodes
allow for some ambiguity in the lexicon. In figure 3.6, the tree 〈αJohn, 0〉
left-anchored by the subject (John), contains the verb as an underspecified
lexical item, and then the predicted nodes projected by this lexical item. In
the derivation of the figure 3.7(a), the word thinks is derived by using the
shift operation.

In the DVTAG of figure 3.9(a), 〈αJohn, 0〉 does not have predicted nodes,
and in the derivation of figure 3.9(a) we use the inverse substitution to de-
rive the word loves, i.e. to attach the left-context to 〈αloves, 0〉. Also for the
sentence (3.2) we can use a lexicon such that 〈αJohn, 0〉 contains as under-
specified lexical item the verb loves, and then contains the predicted nodes
projected by loves (cf. the tree in figure 3.1). Then we have two possible
DVTAG to derive the sentence (3.2). The first DVTAG, obtained from a
straightforward translation of the dynamic LTAG of figure 3.8, does not con-
tains predicted nodes. The second DVTAG, that has the tree in figure 3.1,
contains predicted nodes.

The key point is that we can build a DVTAG without predicted nodes
for the sentence (3.2) because there is a dynamic LTAG derivation for this
sentence. On the basis of the theorem 2.17 there is a one-to-one relation
between dynamic LTAG derivation and DVTAG derivation that does not
use predicted nodes. We see in the next examples that we do not have this
ambiguity when there is no a dynamic LTAG derivation for the sentence:
in these cases we have to use a lexicon with predicted nodes to derive the
sentence.
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Figure 3.9: A DVTAG (a) and the derivation chain (b) for the sentence (3.2).
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Given the restrictions posed by the dynamic derivation, there are a few
linguistic constructions that seem to be problematic for DVTAG. We see
some cases in which it is not possible to straightforwardly convert the LTAG
analysis in DVTAG analysis, i.e. some cases that are not derivable with
a dynamic LTAG derivation. In particular, we consider two linguistic con-
structions, head-final constructions and left-recursive constructions (the lat-
ter case includes Dutch embedded clauses constructions).

3.2.1 Head final constructions

The first condition of dynamic LTAG constrains the number of elementary
trees that can be inserted into another elementary tree with respect to the
position of the left anchor. In particular, each elementary tree of the deriva-
tion has at most one child such that the left-anchor of the child precedes the
left-anchor of the parent. This constraint seems to set serious limitations on
the possibility of translating the LTAG analysis of a head final language in
DVTAG.

In head final languages, the head is preceded by its arguments. For
instance, in Japanese, the verb is always the last word of the sentence. We
repeat in (3.3) the sentence of the Kamide et al.’s experiment described in
chapter 1 (example (1.2)). This is an active transitive sentence in which the
verb karakau follows the subject weitoresu and the direct object kyaku in the
linear order of the sentence. Moreover, the verb is modified by the adverb
tanosigeni (sentence (3.3)).

(3.3) weitoresu-ga
waitress-NOM

kyaku-o
customer-ACC

tanosigeni
merrily

karakau
tease

The waitress will merrily tease the customer

A possible derivation tree of this sentence in LTAG is depicted in figure 3.10
(c). It is worth noting that this derivation is not a dynamic derivation, since
the first condition of the definition of dynamic derivation tree is not fulfilled.
In the final sentence the anchors of αweitoresu and αkyaku precede the anchor
of αkarakau. Moreover, αweitoresu and αkyaku are children of αkarakau in the
derivation tree. This fact contradicts the first requirement of the definition
of dynamic derivation. This is reasonable since the tree αkyaku and αweitoresu

would remain unconnected until the main verb is found.
As a consequence of the theorem 2.20, is not possible to translate the el-

ementary trees of figure 3.10 in DVTAG elementary dotted trees that derive
the same sentence. With the aim to recover a linguistic analysis that repre-
sents the same dependencies of the LTAG analysis (figure 3.10), we need to
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Figure 3.10: LTAG lexicon (a), derived tree (b) and derivation tree (c) for the
sentence weitoresu-ga kyaku-o tanosigeni karakau (waitress-NOM customer-
ACC merrily tease: The waitress will merrily tease the customer)

define a DVTAG lexicon in which the elementary trees are designed to fulfill
the strong connectivity hypothesis using predicted nodes. In figure 3.11 there
is a DVTAG lexicon for the derivation of the sentence (3.3). This lexicon
consists of three elementary dotted trees: the initial trees 〈αweitoresu, 0〉 and
〈αkyaku, 0〉, and the left auxiliary tree 〈βtanosigeni, 0〉. Some nodes of the ini-
tial tree 〈αweitoresu, 0〉 are predicted: they are projected by the underspecified
lexical item in the verb position. Using these predicted nodes we are able
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VP( v3)

VP∗( v3)
�����

tanosigenikyaku-o

NP(kayaku)

�

S( v1)

VP( v1)

NP↓ ( v2)

V

v1 :

karakau

...

VP( v1)
weitoresu-ga

NP(weitoresu)

�

〈αweitoresu, 0〉 〈αkayaku, 0〉 〈βtanosigeni, 0〉

Figure 3.11: DVTAG deriving the sentence weitoresu-ga kyaku-o tanosigeni
karakau (waitress-NOM customer-ACC merrily tease: The waitress will mer-
rily tease the customer)

to predict the argumental structure of the underspecified verb at the first
step of the derivation, when the word weitoresu is derived. In this way we
can predict the relation that binds the word weitoresu to the word kyaku
before the head of the sentence is derived. This fact is consistent with the
results of Kamide et al.’s experiments, i.e. the empirical evidence that the
syntactic relation between the subject and the direct object is built when the
two words are derived.

In this example, with the aim to fulfill strong connectivity we have pre-
dicted the projected nodes of the verb in the elementary dotted tree 〈αweitoresu, 0〉.
Note that also in this case we have some ambiguity in the choice of the lexi-
con: in fact we can suppose that 〈αweitoresu, 0〉 does not have predicted nodes,
and that the verb is an underspecified lexical item of the tree left-anchored
by the object: in this latter case we still respect strong connectivity. To
overcome this ambiguity, as working hypothesis in the following examples we
suppose that the predicted nodes belong to the dotted elementary tree that
appears earlier in the derivation chain of the sentence.

3.2.2 Left-recursive constructions

Let us suppose that in a LTAG derivation tree, the left-anchor of an elemen-
tary tree γ2 precedes the left-anchor of its parent γ1. The second condition of
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Figure 3.12: LTAG elementary trees (a) and derivation trees for the sentences
John likes red peppers (b) and John likes red roasted peppers (c). Following
the analysis of [SS94] we allow adjoining on preterminal node.

the definition of dynamic LTAG prescribes that γ2 has not child γ3 such that
the left-anchor of γ3 precedes the left-anchor of γ2. This restriction seems to
disallow the possibility of a straight translation of several LTAG derivations
into DVTAG derivations.

Many LTAG constructions involve the modification of a noun through the
adjoining of an adjective that precedes the noun. Consider the sentence

(3.4) John likes red peppers
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Figure 3.13: DVTAG elementary trees for the sentences John likes red peppers
and John likes red roasted peppers.

A possible LTAG grammars and derivation tree for this sentence is described
in figure 3.12 (a) and (b). In the derivation tree, αJohn and αpeppers are
substituted in the tree αlikes. Moreover the tree βred is adjoined in the tree
αpeppers. This derivation tree is not dynamic, since the second condition
of dynamic derivation is not fulfilled. In fact the word red precedes the
word peppers in the derived sentence. As a consequence it is not possible
to straightly translate the LTAG trees in DVTAG trees to obtain a similar
analysis.

Using the elementary dotted trees of figure 3.13 we can yield a DVTAG
derivation that corresponds to the derivation tree of figure 3.12. In the DV-
TAG derivation we use the dotted trees 〈αJohn, 0〉, 〈αlikes, 0〉, 〈αred, 0〉: these
dotted trees are left-anchored by the words John, likes and red respectively.
The key point is that in the DVTAG derivation we have eliminated the ad-
joining operation of βred using the predicted nodes. The dotted tree 〈αred, 0〉
is left-anchored by the word red, but it contains as underspecified lexical
item a set of words including peppers. In this way, during the derivation we
can produce the word red and at same time we can connect 〈αred, 0〉 to the
left-context produced by the prefix string John likes.

In this example we have a non dynamic LTAG derivation, but using the
predicted nodes, we are able to define a DVTAG derivation that produces the
same derived tree. We have used the predicted nodes to put in one elementary
dotted tree two LTAG elementary trees: the word red can be connected to
the left-context by using the predicted nodes projected by the underspecified
lexical item in 〈αred, 0〉. In the remaining part of this section we study the
limitations of this mechanism, i.e. whether predicted nodes allows us to pro-
duce in DVTAG the same derived tree produced by a non dynamic LTAG. In
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the next chapter, with the aim to translate a wide-coverage linguistic LTAG
into a wide-coverage DVTAG, we define the operation of left-association that
formalizes the mechanism described here.

The idea to use predicted nodes to guarantee the connectivity of the
DVTAG derivation seems to be problematic in the case of left recursion in the
derivation tree. That is, in a LTAG derivation tree a potentially unlimited
number of auxiliary trees can violate the condition of dynamic derivation,
and it seems that there could be a potentially unlimited number of predicted
nodes in a elementary dotted tree. Consider the sentence

(3.5) John likes red roasted peppers.

Similar to the sentence (3.4), the LTAG derivation of this sentence is not dy-
namic, in fact also in this case βred is adjoined in αpeppers. Unlike the previous
case, we have that the anchor of the auxiliary tree βroasted (i.e. roasted) pre-
cedes the anchor the tree αpeppers (i.e. peppers). Since the LTAG derivation
is not dynamic we need to use predicted nodes to guarantee the full connec-
tivity of the left-context. We can derive this sentence in DVTAG by using
the elementary trees depicted in figure 3.13, namely 〈αJohn, 0〉, 〈αlikes, 0〉,
〈αred, 0〉 and 〈βroasted, 0〉. It is worth noting that in the DVTAG derivation of
the sentence (3.5) we do not need more predicted nodes than in the deriva-
tion of the sentence (3.4). The crucial point is that the adjoining mechanism
allows us to limit the number of predicted node necessary to guarantee the
strong-connectivity. In particular, as for sentence (3.4), in the dotted tree
〈αred, 0〉 we need to predict only the underspecified lexical item correspond-
ing to the noun. The nodes projected by the word roasted are inserted in the
left-context by using an adjoining from the left. In this way, using the dotted
tree 〈αred, 0〉 we can derive in DVTAG all the sentences in which the word
red is separated from the word peppers by an unlimited number of adjectives.

Now we analyze other two particular cases of left-recursive constructions
in DVTAG, genitive construction and Dutch embedded clauses construction.

DVTAG analysis for genitive construction

In the derivation of genitive constructions in English an unlimited number
of recursive embeddings are possible. Consider the sentences

(3.6) Alex likes Robert.

(3.7) Alex likes Robert‘s sister.
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(3.8) Alex likes Robert‘s sister‘s boyfriend.

...

There is no limit to the number of words between the word Robert and the
head of the noun phrase in the object position. In (3.6) Robert is the head
of the noun phrase. In (3.7) the word Robert is a modifier of the word
sister, that is the head of the noun phrase. In (3.8) Robert is a modifier
of sister, that is a modifier of the word boyfriend, that is the head of the
noun phrase. In other words, there is no limit to the level of embedding for
genitive construction.

In figure 3.14, it is depicted a possible derivation of the sentence (3.8).
This derivation follows the analysis of genitive constructions given in the
XTAG grammar [DHS+00]. The left recursion is obtained by means of the
adjoining of a left auxiliary tree anchored by the suffix ‘s. It is worth noting
that the derivation tree of figure 3.14 is not a dynamic derivation tree. In
fact the second condition of the dynamic definition does not hold since all the
descendents of the tree αboyfriend in the derivation left-modifies the respective
parent, that is the left-anchor of the children precedes the left-anchor of the
respective parent in the sentence. Then, we cannot directly transform the
LTAG of figure 3.14 and obtain a DVTAG that derives the same derived
tree. Moreover, differently than in sentence (3.4), in this case we cannot use
predicted nodes to augment the elementary LTAG trees to build the DVTAG
elementary dotted trees. In fact in the DVTAG derivation of the sentence
(3.4), we have predicted as underspecified lexical item the word peppers in
〈αred, 0〉, and we can insert a potentially unlimited number of adjectives
between the words red and peppers using adjoining. In this case, if we insert
Robert and ‘s as underspecified lexical items of the tree left-anchored by
sister (figure 3.15 (a)), we can derive the sentence (3.7) but we cannot derive
the sentence (3.8) (figure 3.15 (b)). Since the embedding of the first noun
is unbounded, the number of predicted nodes necessary to guarantee the
connectivity is not limited.

But in this case we can derive the same LTAG derived tree by adjoin-
ing of right auxiliary trees, rather than left auxiliary trees. In chapter 2
we have reviewed the results of Schabes and Waters about the lexicalization
of context-free grammars. We have recalled that for each finitely ambigu-
ous context-free grammar it is possible to build a strongly equivalent LTIG
grammar that uses only right auxiliary trees [SW95]. In slightly different
terms, this idea was proposed in [TDL91] [LS97], with the aim to factor-
ize the left-recursion in the parsing of context-free grammars. In figure 3.16
there is a DVTAG in which genitive constructions can be generated by only
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Figure 3.14: LTAG elementary trees and derivation tree for the sentence Alex
likes Robert‘s sister‘s boyfriend.

using right auxiliary trees, as suggested in [LS97]. It is worth noting that
this grammar can derive the same derived trees of the LTAG in figure 3.14.

In LTAG, the genitive construction is obtained by adjoining of left aux-
iliary trees rather then by adjoining of right auxiliary trees since in LTAG
the lexical dependencies are expressed in the derivation tree. In fact, if we
use adjoining of left auxiliary trees in the dependency tree corresponding to
the derivation tree, the word Robert would be a child of the word likes since
the elementary tree anchored by Robert is substituted in the elementary tree
anchored by likes. But in the sentence (3.8), the word Robert is a modifier
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Figure 3.15: A DVTAG (a) that derives the sentence (3.7) (b), but that does
not derive the sentence (3.8).

of the word sister. Then using right auxiliary tree for genitive constructions
in LTAG, we have that the derivation tree represents wrong dependencies
between words. As we will describe in section 3.3, DVTAG uses a different
mechanism to compute the lexical dependencies in comparison with LTAG,
and it does not have this problem.
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Figure 3.16: DVTAG elementary dotted trees for the sentences Alex likes
Robert‘s sisters‘s boyfriend.

DVTAG analysis for Dutch embedded clauses

In chapter 2 we have shown that DVTAG can derive cross-serial depen-
dencies. Now we want to analyze the linguistic constructions that involve
cross-serial dependencies. We want to study the DVTAG analysis of Dutch
embedded clauses. In particular we want to see if, in these cases, DVTAG
can generate the same derived tree as LTAG.
Consider the sentence fragment (3.9)

(3.9) ...
...

dat
that

Jan
Jan

Piet
Piet

Marie
Marie

zag
saw

laten
help

zwemmen
swim

... that Jan saw Piet help Marie to swim

here the dots indicate that this fragment is the embedded clause of a larger
matrix clause, e.g. Ik denk dat Jan Piet Marie zag laten zwemmen (I think
that Jan saw Piet help Marie to swim).

The LTAG analysis of (3.9) is reported in figure 3.17 ([Jos90], [AR00]).
With the aim to focalize the discussion on the crucial points, we have con-
sidered the nouns as part of the elementary trees projected by the verbs (cf.
[Jos90]). In the derivation tree, the tree βdat, anchored by the word dat, is
adjoined on the root node of the tree αzwemmen; the tree βzag is adjoined in
the tree βlaten, and the resulting derived tree is adjoined in the tree αzwemmen.
This derivation is not a dynamic derivation: it violates both conditions of
dynamic derivation definition. In chapter 2 we defined γi < γj if wi < wj,
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Figure 3.17: LTAG elementary trees (a), derivation tree (b) and derived tree
(c) for the Dutch fragment dat Jan Piet Marie zag laten zwemmen. Following
the analysis given in [KS91], the correct verb order is obtained through extra
position.
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Figure 3.18: DVTAG elementary trees obtained from the elementary trees of
figure 3.17.

where wi and wj are the left-anchors2 of γi and γj respectively. The first con-
dition of dynamic derivation tree prescribes that each elementary tree γi has
at most one child γj such that γj < γi while the second condition prescribes
that if an elementary tree γi has a child γj such that γi < γj, then γj has
not a child γk such that γk < γj (cf. definition 2.19). In the derivation tree
depicted in figure 3.17 (b), the first condition is not fulfilled because the trees
βdat and βlaten are adjoined in αzwemmen and their left-anchors precede the
left-anchor of αzwemmen in the sentence. The second condition is not fulfilled
because βzag is adjoined in βlaten, and the left-anchor of βzag precedes the
left-anchor of βlaten in the sentence. But βlaten is adjoined in αzwemmen, and
the left-anchor of αzwemmen precedes the left-anchor of βlaten in the sentence.
As consequence it is not possible to straightly transform the LTAG derivation
into a DVTAG derivation.
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In figure 3.18 there is a DVTAG lexicon, obtained from a straightforward
translation of the LTAG elementary trees of figure 3.17. We now analyze why
from this DVTAG it is not possible to obtain the derived tree of figure 3.17.
Consider the fragment of derivation chain depicted in the figure 3.19 (a).
After the derivation of the word Jan using an inverse adjoining from the
left on the dotted tree 〈βJan, 0〉, we obtain the left-context 〈Λ2, 2〉. At this
point of the derivation there is no way to produce the word Piet by using
the dotted tree 〈βPiet, 0〉 (figure 3.18), while building a left-context that can
derive the sentence (3.9). In fact there is no way to build a new left-context
such that the word Jan precedes the word Piet, and at the same time such
that the word zag precedes the word laten.

Similarly to the Japanese example (3.3), we can use predicted nodes to
avoid this limitation. We can design a DVTAG dotted tree 〈αdat, 0〉 (the left-
most tree in the figure 3.19 (b)) similar to βdat that contains an underspecified
noun. In this way, the nodes projected by the words Marie and zwemmen in
the tree αzwemmen, can be included in 〈βdat, 0〉 as predicted nodes. But in this
case predicted nodes are not sufficient to build in DVTAG the derived tree
of figure 3.17. In figure 3.19 (b) is depicted a possible DVTAG derivation of
the prefix ... dat Jan of the sentence (3.9) by using the predicted nodes. The
last operation adjoins the dotted tree 〈βJan, 0〉 of figure 3.18 in the lowest S
node dominating the underspecified noun in the left-context (that is Mary).
At this point to produce a left-context that can generate the derived tree of
the LTAG analysis, we have to insert the dotted tree 〈βPiet, 0〉 of figure 3.18.
But again we cannot adjoin from the left the dotted tree 〈βPiet, 0〉, because
the position of the extra-posed verb laten would be wrong, i.e. we cannot
build a left-context such that the word Jan precede the word Piet, and at
the same time such that the word zag precedes the word laten. The only
way to have the words Piet and laten in the right order is to insert the nodes
projected by Piet and laten as predicted nodes in the tree left-anchored by
Marie. Unlike the example (3.5), since the number of cross-serial dependen-
cies in a sentence is unlimited, we need to predict an unlimited number of
predicted nodes. But this fact contradicts the finiteness of the lexicon.

The key point is that in the LTAG derivation of figure 3.17, βzag is ad-
joined in βlaten. Only after this operation the partial derived tree is adjoined
into the tree αzwemmen. In DVTAG derivation the dotted tree 〈βJan, 0〉 is
adjoined directly in the left-context. Unlike from the example (3.5), in this
case the adjoining operations do not allow us to insert the nodes belonging

2In chapter 2 we provide this definition for single anchored elementary trees, here we
generalize for multi-anchors. With the aim to improve the readability, we use the term
left-anchor also in the LTAG trees, to denote the leftmost lexical item.
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∇←L (〈βJan, 0〉, 〈Λ1, 1〉, add)

Jan

S(dat)

...dat

〈Λ2, 2〉

V
Jan

�

εi

S(−)

VP( v2)NP(Jan)

S( v3) Vi

v3 :

zag

...

S∗( v2)

〈Λ1, 1〉
S(dat)

...dat S∗( v0)

∇→
L (〈βJan, 0〉, 〈Λ1, 1〉, add)

〈Λ2, 2〉

V
Jan

�

εi

S(−)

VP( v2)NP(Jan)

S( v3) Vi

v3 :

zag

...

S(−)

Vk

v2 :

zwemmen

...

S(dat)

...dat

VP( v2)

εk

V

NP( v1)

N

v1 :

Marie

...

S( v2)

〈Λ1, 1〉

S(−)

VP( v2)

εk

V

NP( v1)

N

v1 :

Marie

...

S( v2) Vk

v2 :

zwemmen

...

S(dat)

...dat
Jan

(a)

(b)

Figure 3.19: Two possible DVTAG derivations of the prefix fragment dat
Jan.

to the dotted tree 〈βPiet, 0〉 in the correct position.
In figure 3.20(b) we have drawn a fragment of the derivation chain that

DVTAG should produce to derive the LTAG derived tree of figure 3.17 with-
out using predicted nodes. In this figure we have represented the DVTAG
dotted trees of figure 3.18 as formed by two subgraphs. The lower subtree in-
cludes the subject node and the trace verb node; the upper supertree includes
the extraposed part of the tree, i.e. it is the subgraph that can be obtained
bu excising the lower subtree from the original tree (figure 3.20 (a)). It is not
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Figure 3.20: (a) Schematization of the dotted trees of figure 3.18. (b) A
hypothetical derivation chain for the sentence (3.9) using this schematization.

possible to obtain in DVTAG a derivation chain formed by the left-contexts
〈Λ1, 1〉 〈Λ2, 2〉 〈Λ3, 3〉 depicted in figure 3.20 (b). In fact the adjoining and
substitution operations of DVTAG can update a left-context only in one
node, i.e. adjoining and substitution graft a single dotted tree in one point
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Figure 3.21: Adjoining operation (a) and wrapping operation (b): if γ is
an elementary tree wrapping does not change the generative power of the
grammar.

of the left-context. But to derive the correct sequence of left-context we need
to adjoin the upper supertree in one node of the left-context and the lower
subtree in another distinct node of the left-context. The only way to produce
the derivation chain of figure 3.20 is to extend the set of operations defined in
DVTAG. We now introduce a new view on the adjoining mechanism called
flexible composition [KJ02], [Jos04]: starting from this perspective, in the
next section we define a new DVTAG operation called dynamic wrapping.

In standard LTAG, the adjoining is formalized as an operation that takes
as input an auxiliary tree β and an elementary tree γ, and returns a new
tree obtained with a transformation of γ using the tree β. The basic idea of
flexible composition is to change the versus of this operation, i.e. it is the
tree β that is transformed using the tree γ. Consider the figure 3.21. In 3.21
(a) the tree β is adjoined in γ using the adjoining operation. In contrast, 3.21
(b) illustrates the wrapping perspective of the flexible composition. In this
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αzwemmen

βdat βlaten

βzag

Figure 3.22: Derivation tree for the sentence (3.9) in the wrapping perspec-
tive.

view the tree γ is considered as formed by a supertree γ1 and a subtree γ2.
The derived tree is obtained by wrapping the trees γ1 and γ2 around β, i.e.
by attaching the supertree γ1 on the root of β and attaching the subtree γ2

on the foot of β. With the aim to obtain the same semantics of the standard
adjoining perspective, we review the attachment operation of γ1 on the root
of β as special kind of adjoining and the attaching of γ2 on the foot of β as
special kind of substitution [KJ02]3. If the wrapping operation is limited by
the constraint that γ is an elementary tree, this operation does not change
the weak and strong generative power of LTAG. In fact with this constraint,
the LTAG system with the wrapping operation is equivalent to the tree local
version of Multi Component TAG (tl-MCTAG) [Wei88]. tl-MCTAG is a ver-
sion of LTAG in which an elementary structure is a set of trees rather than
a simple tree. In the tree local version of this TAG variant, each elementary
structure (set of trees) can be substituted or adjoined into a singular tree
of another elementary structure. Weir shown that tl-MCTAG are weakly
and strongly equivalent to LTAG with adjoining constraints ([Wei88] pag.
32). But tl-MCTAG is derivationally more powerful of LTAG, i.e. it can
generate some derivation trees that LTAG cannot generate [DCS00]. Since
the elementary structures of tl-MCTAG are sets of trees, tl-MCTAG has a
greater domain of locality in comparison with LTAG, and this feature can be
used to define syntactic dependencies between different trees of the elemen-
tary structure. For instance, tl-MCTAG can be used to derive the correct
derivation tree for sentences that include both raising and WH constructions
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[Kul00].
Consequently, the wrapping operation augments the derivational genera-

tive power of LTAG without changing the strong generative power. But on
the subclass of dynamic LTAG, the wrapping operation increases the strong
generative power too. In fact, a LTAG derivation that is not a dynamic
derivation in standard LTAG can be a dynamic derivation in LTAG with
wrapping operation. Consider the derivation tree of figure 3.17 (b): we have
noted that this is not a dynamic derivation tree. But if we review this deriva-
tion tree from the wrapping perspective, we obtain the tree of figure 3.22:
in fact the adjoining of βzag in βlaten becames the wrapping of βlaten in βzag,
and the adjoining of βlaten in αzwemmen becames the wrapping of αzwemmen in
βlaten.

Our idea is to define the wrapping mechanism as a new operation of
DVTAG. In this way, we are able to to produce the derivation chain of figure
3.20, and we still maintain the strong equivalence between dynamic LTAG
and DVTAG.

Dynamic wrapping

Now we define a new operation in DVTAG based on the wrapping mechanism
described above. We call this operation dynamic wrapping. Our idea is to
use the greater derivational capacity of the wrapping mechanism to derive
in DVTAG the derivation chain of figure 3.20. On the other side, we want
to maintain the equivalance between DVTAG and dynamic LTAG, i.e. we
want to define a DVTAG with wrapping that is equivalent to dynamic LTAG
with wrapping. Then we have to limit the wrapping operation to take into
account of the tree locality principle of the flexible derivation imposed in
LTAG.

Definition 3.1. (fig. 3.23)
The dynamic wrapping operation wrap→((〈ζ1, 0〉, 〈ζ2, 0〉), 〈γ, i〉, add1, add2)
takes as input a dotted tree, 〈γ, i〉, and a pair of dotted trees (〈ζ1, 0〉, 〈ζ2, 0〉).
If there is non-terminal node N2 that belongs to the left fringe of 〈γ, i〉
such that label(N1) = label(root(ζ2)), and there is a node N1 such that
label(N2) = label(root(ζ1)), the operation returns a new dotted tree 〈δ, i + 1〉
such that δ is obtained by grafting ζ1 in N1 and simultaneously by grafting ζ2

in N2.

In this operation we assume that:

3The wrapping perspective is used in [KJ02] with the aim to take into account the
scope ambiguity of the quantifiers directly in the LTAG derivation tree.
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Figure 3.23: The dynamic wrapping operation: the symbol on the arrow
is the left-anchor of the direct dotted tree 〈ζ2, 0〉 used in the operation.

• The pair of dotted trees (〈ζ1, 0〉, 〈ζ2, 0〉) are respectively the subtree
and the supertree of an elementary dotted tree 〈ζ, 0〉. 〈ζ, 0〉 is a direct
elementary dotted tree, i.e. it is a dotted tree belonging to the lexicon
such that the left-anchor is the first element of the yield. To respect the
incremental derivation of the lexical items, 〈ζ1, 0〉 is a right auxiliary
dotted tree and 〈ζ2, 0〉 is an auxiliary dotted tree or an initial dotted
tree (depending on whether 〈ζ, 0〉 is an auxiliary or initial dotted tree)
such that root(ζ1) = foot(ζ2).

• add2 is the Gorn address of a node N belonging to the fringe of 〈Λi, i〉.
In LTAG, the wrapping mechanism attaches two subtrees on the foot
node and on the root node of an auxiliary tree. To maintain the equiv-
alence we impose a similar constraint: N2 is a foot node, and N1 was
the corresponding root node4.

• In the dotted tree produced 〈γi+1, i + 1〉, the dot is on the right of the
left-anchor of 〈ζ2, 0〉.

Corresponding to this operation we have to augment with a new axiom
schema the DVTAG definition (definition 2.11 at page 57):

〈Λi, i〉
a

−−−−−−−−−−−−−−−−−−−−−−−−→
wrap→((〈ζ1 ,0〉,〈ζ2,0〉),〈Λ,i〉,add1 ,add2)

〈Λi+1, i + 1〉

where the terminal symbol a produced is the left-anchor of 〈ζ2, 0〉.

4It is possible to use a feature with the aim to bind these two nodes.
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Figure 3.24: The first and second operations of a DVTAG derivation for
Dutch embedded clauses that uses wrapping operation.

In the derivation depicted in figure 3.24 we use the wrapping operation to
derive in DVTAG the LTAG derived tree for Dutch embedded clauses. The
first operation (3.24 (a)) is an inverse adjoining from the left of the left-
context 〈Λ1, 1〉 in the elementary dotted tree 〈βJan, 0〉. The second operation
(3.24 (b)) is a wrapping operation: the dotted tree 〈βPiet, 0〉 is broken into
the supertree 〈β1

Piet, 0〉 and the subtree 〈β2
Piet, 0〉. In the wrapping operation

〈β1
Piet, 0〉 is adjoined to the node that was the root of 〈βJan, 0〉 and 〈β2

Piet, 0〉
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Figure 3.18: (continued) DVTAG derivation for Dutch embedded clauses
that uses wrapping operation: the last three operation (not reported in the
figure) are three shift operation.
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is substituted in the node that was the foot of 〈βJan, 0〉. The third operation
(figure 3.24 (c)) is a wrapping operation too. The dotted tree 〈αMarie, 0〉 is
broken in the supertree 〈α1

Marie, 0〉 and in the subtree 〈α2
Marie, 0〉. The final

dotted tree 〈Λ4, 4〉 is obtained through the wrapping: 〈α1
Marie, 0〉 is adjoined

in the node that was the root of 〈βPiet, 0〉 and 〈α2
Marie, 0〉 is substituted in

the node that was the foot of 〈βPiet, 0〉.

It is straightforward to modify the theorems of chapter 2 to take into
account the wrapping operation. In particular, we have imposed some con-
straints on the wrapping mechanism with the aim to constrain the DVTAG
generative power. Since we respect a bijective relation with the wrapping
operation of LTAG, we have that DVTAG with wrapping generates the same
tree languages of a dynamic LTAG with wrapping. In other words, we have
the same results of chapter 2, with the only difference that now we can
use wrapping operation too. The generative power of dynamic LTAG with
wrapping is greater in comparison with a dynamic LTAG. In fact some non
dynamic derivations of LTAG with wrapping, can be derived as dynamic
derivation in LTAG with wrapping. For instance, the LTAG derivation of
Dutch embedded clauses is a non dynamic derivation tree in standard LTAG.
But in LTAG with wrapping we can replace the adjoining operations with
wrapping operations, and obtain a new dynamic derivation tree that pro-
duces the same derived tree. In this case we can produce a DVTAG that
derives the same derived tree using a straightforward conversion, as we have
shown for the derivation of the sentence (3.2).

In chapter 2 we have shown that DVTAG is equivalent to dynamic LTAG.
Dynamic LTAG is a subclass of LTAG constrained to respect the strong con-
nectivity requirement of an incremental construction of the derivation tree.
In this section we have shown that the LTAG analysis for Dutch embedded
clauses construction cannot be mirrored in dynamic LTAG, i.e. cannot be
derived in DVTAG. With the aim to capture the LTAG analysis for Dutch
embedded clauses we have augmented the formalism using the concept of
flexible derivation. In this way, we have been able to view in a new perspec-
tive the adjoining mechanism as a new mechanism called wrapping. We have
defined a new DVTAG operation based on this mechanism. In this way we
have been able to generate in DVTAG the LTAG analysis of Dutch embedded
clauses without increasing the strong generative power of the formalism.
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3.3 DVTAG and dependency trees

Here we analyze the relation between DVTAG and dependency grammars.
In chapter 1 we reviewed the basic features of LTAG, in particular we have
discussed the fundamental role of the derivation tree, i.e. the tree structure
that carries all the history of a LTAG derivation. In chapter 2 we have defined
the derivation chain, a sequence of left-contexts that stores all the steps
of a DVTAG derivation. Now we review the relations between the LTAG
derivation tree, the DVTAG derivation chain, and the dependency tree, i.e.
the structure produced by a dependency grammar. We first introduce the
basic features of dependency grammars and then we explain how to produce
a dependency tree from a DVTAG left-context.

In constituency formalisms like LTAG and DVTAG a basic role is played
by the concept of constituent. A constituent is a group of words (usually ad-
jacent in the sentence) that shows notable syntactic properties. In contrast,
in dependency formalisms the syntactic properties derive from binary depen-
dency relations connecting pairs of words, and then the basic structures of
a dependency theory are the words rather than the constituents. The de-
pendency relations are usually non symmetric, i.e. they relate a word called
head with another word called dependent. If there is a dependency relation
between a head wi and a dependent wj we say that wj depends on wi. Sev-
eral dependency theories have different definitions about what is a head in
a sentence, and what is a non-head, i.e. a dependent. But some properties
of the heads are commonly accepted [Zwi85], for instance the obligatoriness
property: the obligatory word in a linguistic construction is the head of the
construction.

Starting from the primitive concepts of head and dependent, a depen-
dency grammar produces a dependency structure, that is the structure (usu-
ally a graph) that reports all the head-dependent relations. Different de-
pendency theories produce dependency structures with different properties.
In our discussion we do not refer to a particular dependency grammatical
formalism. We assume that the dependency structure is a tree, i.e. that all
the words are connected by a dependency relation and that each dependent
exactly depends on one head, except for one element, that is the root of the
tree5.

There is a straightforward relation between lexicalized constituency gram-
mars and dependency grammars. In a lexicalized grammar we can associate
a word to each elementary structure. Then we can view an operation on two

5Many dependency formalisms produce dependency structure that are graph rather
than tree, e.g. Word Grammars [Hud84].
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elementary structures A and B, anchored respectively by the words wa and
wb, as a dependency relation between the words wa and wb. Derivation trees
in LTAG record the history of a derivation by attaching tree identifiers of
substituted and adjoined elementary trees as children of the tree identifiers of
the host elementary tree (e.g. see figure 3.10). Replacing the tree identifiers
with the words anchoring the trees in the derivation tree, we obtain a depen-
dency tree. In particular this dependency tree is similar to Deep-Syntactic
Representation (DSyntR) of the Meaning Text Theory (MTT) [Mel87]. Joshi
and Rambow [RJ97] noted that the similarity between the derivation tree of
LTAG and the DSyntR of MTT derives from the fact that the former theory
is lexicalized and then it shares several properties with the latter:

1. LTAG and MTT can be both viewed as a lexicon and a set of rules
that combine the elements of the lexicon.

2. The function words in the sentence are not represented in the derivation
tree of LTAG and in DSyntR of MTT.

3. In LTAG the substitution nodes are a direct representation of the sub-
categorization of the verb, while adjunction allows an unbounded num-
ber of modifications. In MTT this corresponds to the possibility of an
unbounded number of ATTR subtrees, while there is only one subtree
for each numeric arc label6.

LTAG and MTT are different with respect to the mechanisms that explain
the word order in the sentence. In particular there is a different description
of non projective sentence. The projectivity condition holds on a sentence
w1w2...wn if for each pair of words wi wj, if wi depends on wj , then any word
between wi and wj depends on wj [MS99]. Several linguistic constructions
that show long distance dependencies, like WH-sentences in English and
cross-serial embedded clauses in Dutch, are associated with non-projective
structures. In LTAG the word order of non projective sentences is based
on the use of filler-trace nodes in the elementary structure. In contrast in
MTT there is a global rule that takes into account the word order for non
projective sentences.

Unlike the derivation tree of LTAG, in DVTAG we cannot use the deriva-
tion chain to take into account the dependency relations between words.
Unlike LTAG, the attachment operations in DVTAG combine an elementary
dotted tree with the left-context, rather than combining pairs of elementary

6The account for idioms and the classification of the elementary structures in families
are other two features shared by LTAG and MTT [RJ97]. We do not consider these two
topics in this discussion.
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dotted trees. In the previous chapter we have formally defined the derivation
chain, a structure that reports the various steps of a DVTAG derivation.
Unlike the derivation tree of LTAG, the derivation chain does not explicitly
report the lexical dependencies over the words in the sentence. However,
our claim is that in the DVTAG left-context there is enough linguistic in-
formation to build the corresponding dependency structure. In particular
the head-feature allows us to define a simple algorithm to translate the left-
context in a dependency tree that satisfies the three properties shared by
LTAG and MTT.

Since the left-context is a constituency tree, we can review the extraction
of a dependency tree from a DVTAG left-context as the translation of a
constituency tree into a dependency tree. Lin [Lin95] proposed a very simple
algorithm to transform a constituency tree of Penn Treebank in a dependency
tree7. This algorithm builds a dependency tree while visiting top-down the
constituency tree. For each non terminal node of the constituency tree,
the algorithm grows up the dependency tree with new relations between the
lexical head projecting the non-terminal node and the lexical heads projecting
its children.

Similar to Lin’s algorithm, to transform a DVTAG left-context in a de-
pendency tree, we use a sort of percolation procedure, but differently from
Lin, we want to build a dependency tree that does not contain functional
words and is able to describe the dependencies for non projective sentences.
Moreover, a DVTAG left-context can be non final, i.e. it can have on its
yield substitution nodes, adjoining nodes, or underspecified lexical items.

We can take into account these topics using the head-feature. In chapter
1 we have defined the notion of head-feature: for each non-terminal node
the head-feature contains the lexical item projecting the node. In this way,
we have been able to define the predicted nodes, i.e. the nodes that are
not projected by the left-anchor but are projections of underspecified lexical
items. In our conversion algorithm the head-feature allows us to build a
dependency tree that contains the relations between the fully specified lexical
items, but contains the relations involving underspecified lexical items too.

Moreover, augmenting the range of values for head-feature with the spe-
cial value “−”, we are able to take into account the functional words and
to describe non projective sentences. In elementary dotted trees, and then
in the left-contexts, we set the value “−” for the head-feature of the nodes
projected by the functional words. This allows us to eliminate the functional
words in the construction of the dependency tree. To take into account the
non projective structure, we also set the value “−” for the head-features of

7The algorithms proposed in [Col97], [Xia01], [Boh03] are very similar to this algorithm.
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the nodes that dominate words co-indexed with traces. Similarly to LTAG,
non projective construction can be generated in DVTAG using filler-trace
nodes. The value “−” for the head-feature allows us to tell nodes that are
used to connect the filler nodes, and then that are not projected from any
word.

Algorithm 3.1. Constituency-Dependency DVTAG conversion pro-
cedure

void makeDeps(Tree root, DepTree deps)

{

Tree headChild = child with same head-value of root;

makeDeps(headChild, deps);

for each non-head-child of root

{

if ( head-value of root != ’-’)

{

if ( the head-variable of the child != ’-’ )

{

addDepRel(head-value of root,

head-value of the child,

deps);

}

else

{

addDepRel(head-value of root,

head-value of non co-indexed

descendent of child,

deps);

}

makeDeps(child, deps);

}

}

}

In this algorithm the function addDepRel(head, dependent, depTree)

inserts the dependency between head and dependent into the dependency
tree depTree. The algorithm executes these steps:

• It makes a recursive call to construct the dependency tree on the head
child, i.e. on the child that shares with root the same head-value
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• If the head-value of root is different from “-”, for all other children

– if the head-variable of the child is different from “-”, add the
dependency relationship between the head-value of root and the
head-value of the child. If the head-variable of the child is equal
to “-”, add the dependency relationship between the head-value
of root and the head-value of the descendent of the child that is
not the filler of a trace, if there is one.

– Make a recursive call to construct the dependency tree on the
non-head-child.

The function makeDeps does not update the dependency tree in the case of a
node with head-value equal to “−”. In this way we are able to tell the nodes
that are not projection of a word, but that are used in the constituency
tree for non projective sentences and then to connect co-indexed words8.
Note that the node dominating the trace will have the head-value equal to
the moved word: in this way, in the dependency tree, the co-indexed word
will be in dependency relation with the head dominating the trace (see the
example described in figure 3.21 ).

In figure 3.19 it is depicted the derivation chain of the sentence Bill often
pleases Sue: under each left-context there is the of dependency tree obtained
applying the conversion algorithm 3.1. The first dependency tree (figure 3.19
(a)), corresponding to the left-context, contains three nodes. Bill is the only
fully specified head; v1 and v2 are two underspecified lexical items corre-
sponding to the verb and object of the sentence. In the second dependency
tree of the sequence (figure 3.19 (b)), the lexical head often is inserted as
a child of the underspecified lexical head v1. In the third dependency tree
(figure 3.19 (c)) the underspecified lexical head v1 is grounded by the value
pleases by using the shift operation. Finally, in the last dependency tree
(figure 3.19 (d)), the head variable v2, is grounded by the value of the head
of the elementary tree substituted in the object position of the left-context.

Non-projective construction: the hotdog sentence

Now we present an example of derivation for non-projective structure. In
particular we consider a sentence in which non projectivity is consequence of

8Now we are assuming a generic dependency formalism that does not use traces: we
can straightforwardly modify our algorithm to generate dependency trees with explicit
annotation of the traces. Two examples of a dependency grammatical formalism and tree-
bank dependency annotation schema that use traces are reported in [LL99] and [BLVL00]
respectively.
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extra-position of the object and subject-to-subject raising9.
The sentence Hotdog he claims Mary seems to adore has some lexical

dependencies that cannot described in a simple way using LTAG derivation
trees. As pointed out by Rambow et al.’s [RWVS01], both the elementary
auxiliary trees anchored by claim and seem are adjoined in the initial tree
anchored by adore, while in the dependency tree describing the sentence,
seem depends on claim, and adore depends on seem. In other words the
elementary tree anchored by claim and seem are both children of adore in
the LTAG derivation tree, while seem is a child of claim, and adore is a child
of seem in the dependency tree. Then the LTAG derivation tree does not
correspond to the correct dependency tree for this sentence.

The key point is that LTAG uses the adjoining operation to insert both
modification and clausal complement, and there is no way in standard LTAG
to tell these two relations in the derivation tree. Kroch pointed out that
auxiliary trees of LTAG can be linguistically classified as athematic or com-
plement [Kro89]:

Athematic trees introduce a modifying, complement or dislocated phrase.
In this case the foot and root nodes belong to the same projection chain
(e.g. the trees βred and βroasted in figure 3.12).

Complement trees introduce a predicate, and the foot node is an argu-
ment of the predicate. Kroch specifies that in this case the foot node
of the complement tree is “lexically governed” (e.g. the tree βseems in
figure 3.20).

Different types of auxiliary trees correspond to two different linguistic inter-
pretations of the adjoining operation: in the first case the adjoining is used
for modification and in the second case for complementation. In contrast,
the substitution is used in LTAG only to add an argument. The double
function of the adjoining does not allow to uniformly take into account the
lexical dependencies in the derivation tree. In fact, in the dependency tree
corresponding to a LTAG derivation tree, we have that if the auxiliary tree
is athematic, then its anchor will be a modifier of the anchor of the adjoined
tree. Otherwise, if the auxiliary tree is complement, then the anchor of the

9Raising verbs are a subclass of the verbs that take infinitive complements: they lack
a specifier position and fail to assign case, i.e. there is no thematic relation between the
raising verb and his subject. For instance the verb seems is a raising verb. In the sentence
he seems to understand her, the verb seems has no thematic relation with his subject. The
name raising derives from the transformational analysis of these constructions, in which
the subject is raised from his original position in the embedded clause to the matrix subject
position: It seems that he understands her ⇒ hei seems εi to understand her [Fra02].
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Figure 3.20: The LTAG derivation of the sequence Mary seems to sleep. The
raising verb is adjoined using the complementary auxiliary tree anchored by
seems [KJ85] [Fra02].

adjoined tree will be an argument of its anchor. In [RJ97] it was proposed
to distinguish athematic and complementary adjunction by noting that com-
plementary adjunction is usually performed to the root node, but this rule is
not always true, e.g. in the raising construction a complementary auxiliary
tree is adjoined on a “VP” node [Fra02] (see figure 3.20).
In DVTAG we do not use the derivation structure to build the dependency
tree, and the head-feature produces a simple characterization of the distinc-
tion between athematic and complement auxiliary trees. In fact, following
the characterization of Kroch, in an athematic auxiliary tree the head-value
of the foot node will be the same of the root node. Consider for instance the
tree anchored by often in the derivation depicted in figure 3.19 (b). The foot
and the root have the same value v3 of the head-variable. As consequence
of the adjoining from the left, the head-variable v3 will be unified with the
head-variable v1. Then often is correctly described as dependent v1 in the
dependency tree built with the conversion algorithm 3.1. In a similar way,
the auxiliary dotted tree 〈βroasted, 0〉 anchored by the word roasted in the fig-
ure 3.13 is an athematic auxiliary tree. Also in this case the adjoining from
the left of 〈βroasted, 0〉 in the left-context corresponds to the attachment of a
modifier lexical item.
In contrast, in a complement auxiliary tree the head variable of the foot node
will be different from the head-variable of the root node. In figure 3.6 the
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elementary dotted tree 〈βJohn, 0〉 is an complement auxiliary dotted tree. In
this case, the foot node has the head-variable set to the value v2 and the
head-variable of the root node has the value v1. In this way, in the corre-
sponding dependency structure, v2 is dependent on v1. After the inverse
adjoining from the left of the left-context in the dotted tree 〈αMary, 0〉, v2

is unified with the head-variable v3, and in the dependency structure corre-
sponding to the new left-context the lexical item think dominates v3.

So, in DVTAG the head-feature allows us to tell straightforwardly athe-
matic and complement auxiliary trees, then using the conversion algorithm
3.1 we are able to derive the correct dependency structure, as reported in the
figures 3.21, 3.22, 3.23, 3.24.

In the first step of the derivation, an initial elementary tree undergoes
a Shift operation. This tree has the object hotdog extraposed in the first
position of the yield, then it is the left-anchor of the tree. To respect the
filler-trace mechanism of the algorithm 3.1, the head-variable of the root
node, that connects the extraposed NP to the trace has the special value
“−”. In the corresponding dependency tree the word hotdog depends on the
underspecified head v2: in fact the co-indexed trace is dominates by the
node “NP”, and the value of the head-variable for this node is hotdog.
In the second step, a complement auxiliary tree is adjoined from the left.
This tree is left-anchored by the lexical item he, and contains some nodes
that are projected by the underspecified lexical item v3. In the correspond-
ing dependency tree, the underspecified lexical item v2, that underspecifies
the verb of the embedded clause, depends on v3, that underspecifies the verb
of the matrix clause.
In the third step, a Shift operation introduces the lexical item claims in the
highest verb node.
In the fourth step the subject of the main sentence is inserted by the lexical
item Mary with a Substitution operation.
In the fifth step a complement auxiliary tree anchored by the raising verb
seems is adjoined from the left. In contrast, standard LTAG analysis pro-
posed in [KJ85], we suppose that seems project an S node too. As a conse-
quence we suppose an extraposed position for the subject of the embedded
sentence, and a co-indexed trace is inserted in the original subject position.
This approach follows the traditional transformational analysis of the raising
verbs (cf. [Fra02] for a discussion). In the dependency tree corresponding to
the left context, the word seems changes the relation between claims and
the underspecified verb of the embedded clause v2. In fact, after the fifth
operation seems depends on claims and v2 depends on seems. The sixth
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Figure 3.21: The derivation of the sentence Hotdog he claims Mary seems to
adore.
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and seventh steps of the derivation are two Shift operation, that introduce
the lexical item to and adore. For each left-context of the derivation, the
corresponding dependency tree obtained by the conversion algorithm 3.1 is
reported in the figures 3.21, 3.22, 3.23, 3.24.

3.4 DVTAG linguistic elementary trees and

the CETM principle

In this section we want to compare the linguistic principles that constrain the
elementary trees in LTAG and in DVTAG. All the linguistic theories based
on LTAG share a common assumption:

The fundamental TAG hypothesis: Every syntactic depen-
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dency is expressed locally within a single elementary tree [Fra02].

Each linguistic theory defined in LTAG is characterized by the elementary
trees belonging to the lexicon. Moreover, a linguistic theory rather than
listing all the elementary trees belonging to the lexicon, has to specify the
linguistic principles licensing the trees in the lexicon. Since the mathemati-
cal properties of LTAG are a consequence of the finiteness of the size of the
lexicon, the linguistic principles have to guarantee the finiteness of the lexi-
con. Frank suggested a general principle with the aim to limit the size of the
elementary trees, and then indirectly to limit the size of the lexicon [Fra02].

Definition 3.2. Condition on Elementary Tree Minimality (CETM):
The syntactic heads in an elementary tree and their projections must form
an extended projection of a single lexical head.

where the extended projection of a lexical item includes the projection of
all those functional heads that depend on the lexical item, excluding the oth-
ers lexical item [Gri91]. Starting from this assumption and from the related
notion of Theta Criterion, Frank illustrated the skeleton of a syntactic the-
ory based on LTAG. This theory explains several linguistic phenomena as the
subject raising and the WH-dependencies in English [Fra02]. It is straightfor-
ward that the compositional semantic of LTAG, i.e. that the meaning of the
sentence can be computed from the elementary meaning of the elementary
tree, is a direct consequence of the CETM principle.

DVTAG assumes the basic mechanisms of the TAG family, e.g. it uses
adjoining to factorize recursion and has a greater domain of locality in com-
parison with context-free grammars. As a consequence it shares with LTAG
several formal properties, and we ask ourself if a linguistic theory based on
DVTAG can satisfy the CETM principle. The predicted nodes of the ele-
mentary trees seems to neglect this possibility. The predicted nodes are not
projected by the left-anchor, but they are projected by the underspecified
lexical items belonging to the elementary tree. So, we can tell in the DV-
TAG elementary trees two sets of nodes. The first one is projected by the
left-anchor, the second one is projected by the underspecified lexical items
(figure 3.1).

We claim that the idea underlying the CETM principle is fulfilled by
the DVTAG elementary trees. In fact the non-predicted nodes contained
in the elementary trees cannot be considered in the same way as the pre-
dicted nodes. The former set expresses the linguistic information contained
in the left-anchor, and then contains the semantic information carried by
the elementary tree. On the contrary, the set of predicted nodes have only
the syntactic function to predict the possible syntactic relations binding the
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left-anchor to the next lexical items. Clearly to fulfill the constraint on the
finiteness of the size of the lexicon, we have to limit the number of predicted
nodes in an elementary tree i.e. the number of underspecified lexical items.

Our hypothesis is that we can respect in DVTAG the constraint on the
finiteness of the lexicon imposing a limit on the number of underspecified lex-
ical items. This limit can be obtained by the observation of the experimental
data: several work confirmed that the number of underspecified lexical items
necessary is relatively low [LS02a]. In chapter 4 we present some exploratory
experiments based on this hypothesis.

Summary

In this chapter we have discussed some linguistic issues with respect to DV-
TAG formalism.

In section 3.1 we have explained the mechanism of updating of the head-
variables for the various operations defined in DVTAG. In section 3.2 we have
discussed the construction of head-final and genitive constructions. More-
over, with the aim to generate the same LTAG analysis for Dutch embedded
clauses, we have defined a new DVTAG operation called wrapping. In section
3.3 we have described the conversion algorithm that allows us to translate a
left-context in a dependency tree that reports the lexical dependencies inter-
leaving between the lexical items of the left-context. Finally, in section 3.4
we have discussed the CETM principle of LTAG, and how this principle can
be fulfilled in DVTAG formalism.
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Chapter 4

Building a wide coverage
DVTAG

In this chapter we present two exploratory experiments to see whether the
DVTAG formalism is adequate for natural language processing application
as well. The main problems that can be encountered in this enterprise are
related to the size of a DVTAG that includes predicted nodes in the ele-
mentary dotted trees. The main goal of the experiments presented in this
chapter is to measure the numbers of underspecified lexical items, and then
predicted nodes, in a realistic DVTAG.

The experiments are related to the issue of building two wide coverage
DVTAGs for English and Italian respectively. A way to build a wide coverage
grammar is to manually write the grammar. For instance, XTAG [DHS+00]
is an ongoing project to produce a hand written wide coverage LTAG for
English. A similar project is FTAG, a wide coverage hand written grammar
for French [AC00]. As large size treebanks are becoming widely available
(among others Penn treebank [MSM93], Prague treebank [BHHP99], NE-
GRA treebank [SBKU98]) a new approach is the automatic extraction of
wide coverage grammar from a treebank (see [Cha96] for context-free gram-
mars and [Xia01], [Che01] for LTAG). Here we consider both approaches in
building a wide coverage DVTAG. First, we investigate the possibility of con-
verting a hand written wide coverage LTAG into a wide coverage DVTAG,
and second we investigate the possibility of extracting a large DVTAG from
a treebank. In both the cases, we provide an explorative analysis with the
aim to test the reliability of the grammar produced. In particular we focus
our attention on the size of the grammar with respect to the number of un-
derspecified lexical items.

145



As a baseline model, in section 4.1 we describe the formalism of the con-
nection path grammars (CPG) [SCLF03]. Similar to DVTAG, CPG includes
the notion of predicted nodes, and then they can be used as a baseline model
to compare the properties of the DVTAG produced in our experiments. In
particular, we compare the results of our experiments to an automatically
extracted CPG from the Penn treebank [LS02a].

In section 4.2 we define a new operation, called left-association, with the
aim to build a DVTAG from a non dynamic LTAG [LMS04]. In chapter
2 we have proved that DVTAG is strongly equivalent to dynamic LTAG.
In general, a wide coverage LTAG is designed without taking into account
the connectivity requirement, and so, in general, a wide coverage LTAG is
not a dynamic LTAG. As a consequence, we cannot use the straightforward
procedure defined in chapter 3 to transform a wide coverage LTAG into
an equivalent DVTAG. Starting from a general LTAG, the left-association
allows us to build a DVTAG that uses the predicted nodes in the elementary
dotted trees. We discuss an explorative experiment to test the properties of
a DVTAG produced by applying the left-association on the XTAG grammar,
and we compare our result to [LS02a].

In section 4.3 we study a procedure to automatically extract a DVTAG
from a treebank. The approach is to adopt a LTAG extractor ([Xia01],
[Che01], [ML04a]). A LTAG extractor algorithms does not extract a dynamic
LTAG, and then the adaptation employs the notion of predicted nodes. Again
we use the left-association to produce the predicted nodes in the elementary
dotted trees. In order to test the reliability of the extraction algorithm
for different languages, we discuss the results on two different treebanks,
the Penn treebank [MSM93] for extraction of an English DVTAG, and the
Turin University Treebank (TUT) [BLVL00] for the extraction of an Italian
DVTAG. In both the treebank experiments, we compare the properties of
the DVTAG produced, with the results reported in [LS02a].

4.1 Baseline: connection path grammars

In [LS02a] there has been defined a formalism that is similar in some aspects
to DVTAG, the connection path grammars (CPG). CPG is a dynamic for-
malism that respect the strong connectivity hypothesis. The states of the
grammar consist of incremental trees, i.e. the substructures Tk of a parse
tree T that span the first words w1...wk in a sentence (see Figure 4.1 (a)).
The elementary structure of the formalism are the connection paths, i.e.
the graph difference between two consecutive incremental trees Tk and Tk−1:
cpi = Ti−Ti−1 (see Figure 4.1 (b)). The operation of join upgrade the current
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4

Ti and Ti−1 is called the connection path: cpi = Ti −Ti−1, (see Fig.1 (b)). The node that belongs to Ti−1 and cpi

is called the anchor (this is the node where cpi attaches to Ti−1). The preterminal node for word wi is called the

foot. This is the node whose label is the “part of speech” (POS) tag of word wi and in our framework it is a leaf of

the syntactic tree. POS-tags are the syntactic category of words and can be predicted with very high accuracy [24].

We use the symbol ’◦’ to denote the join operator, defined as Ti = Ti−1 ◦ cpi. According to the above definitions,
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Fig. 1. (a) Example of incremental trees. (b) Anchor and Foot nodes.

an incremental tree Ti can always be written as the result of a number of joins: Ti = cp1 ◦ cp2 . . . ◦ cpi.

We assume that the children of each node are ordered from left to right. The right frontier of an incremental

tree is the chain of the current rightmost children, starting from the root node and ending to the rightmost leaf (see

Fig.7). Join operations are always performed on nodes belonging to the right frontier.

Lombardo and Sturt [17] describe a procedure that takes as input a parse tree T and computes all the incremental

trees T1, . . . , Tn and the all the connection paths cp1 . . . cpn. By applying this procedure to a treebank B (a set of

sentences annotated with their parse trees) we obtain a set of connection paths called the universe of connection

paths, denoted U(B).

B. First Pass Attachment Prediction

Suppose we are given a new sentence w1, . . . , wn not included in the treebank B, and suppose that at stage i of

parsing we know the correct incremental tree Ti−1 spanning w1, . . . , wi−1. We want to compute the next tree Ti in

order to accommodate the next word wi. Under the implicit hypothesis that U(B) contains the required connection

path, Ti can be obtained by joining Ti−1 to some unknown path cp∗ in U(B). The prediction problem is then

defined as follows: given Ti−1, find cp∗ ∈ U(B) such that Ti−1 ◦ cp∗ is the correct incremental tree spanning

DRAFT

Figure 4.1: (a) Example of incremental tree, i.e. state, for connection path
grammars. (b) A connection path.

state using a connection path, Ti = Ti−1 ◦ cpi, and and incremental tree Ti

can always be written as the result of a number of joins: Ti = cp1 ◦cp2...◦cpi.
There are some crucial differences between DVTAG and connection path
grammars. DVTAG uses elementary trees linguistically motivated (cf. the
notion of extended projection) and uses adjoining to factorize recursion. In
contrast, connection path grammars uses elementary structures motivated
uniquely by the constraint of strong incrementality. Moreover, connection
paths grammars uses only the join operation, i.e. a substitution-like op-
eration, then does not fulfill the adjoining factorizes recursion hypothesis.
The important similarity between the two formalisms is that the elementary
structures can have headless non terminal nodes, i.e. predicted nodes. In
[LS02a] they have extracted a connection path grammar from a sample of the
Penn Treebank (∼ 100,000 words sample) and have used a parsing simulation
experiment to test the number of headless nodes necessary to fulfill strong
connectivity. They have found that no more than three headless projections
are necessary in the connection path parsing1. Moreover, the number of el-
ementary structures with more than one headless projection is really small,
i.e. around 2.4% of the whole grammar.

1In the same experiment on the Brown corpus they found only one connection path
with four headless projection
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4.2 From XTAG to DVXTAG

The major difference between LTAG elementary trees and DVTAG elemen-
tary trees is due to predicted nodes. All the nodes of a LTAG elementary tree
are extended projections of the anchor of the tree [Fra02]. In contrast, the
nodes of a DVTAG structure are of two types. Some nodes are projections of
the left-anchor; others which we have called predicted nodes, are projections
of other underspecified lexical items. In chapter 1 we have discussed that
the predicted nodes are used to fulfill the strong connectivity requirement
in derivation; in chapter 2 we have shown that dynamic LTAG is equivalent
to DVTAG; in chapter 3 we have discussed the straightforward conversion
from a dynamic LTAG to DVTAG. This operation produces a DVTAG that
does not use predicted nodes. But for a non dynamic LTAG, the conversion
produces a DVTAG that does not derive the same language of the grammar
in input. In chapter 3 we have also shown that in some cases a DVTAG
equipped with predicted nodes can produce the derived trees produced by
a non dynamic LTAG. Then, a general algorithm to convert a LTAG into
a DVTAG has to specify how to build a DVTAG equipped with predicted
nodes.

We recall from chapter 2 that a elementary dotted tree is direct if there
are no substitution nodes on the left of the left-anchor, and inverse other-
wise. Now we define the operation of left-association, that yields a new direct
elementary dotted tree with predicted nodes; below we explain how to use
this operation to transform a LTAG into a DVTAG.

The left-association takes as input two elementary dotted trees, called the
base tree and the raising tree respectively, and returns a new elementary
dotted tree, the raised tree. The operation produces the raised tree by
grafting the base tree in the raising tree, and replacing the left-anchor of
the raising tree with a new head-variable. In particular the left-association
inserts the base tree in the fringe of the raising tree.

Definition 4.1. (figure 4.2) The left-association LA→(〈γ1, 0〉, 〈γ2, 0〉) op-
eration takes as input two trees: a direct elementary dotted tree 〈γ1, 0〉 (called
base tree), and any elementary dotted tree 〈γ2, 0〉 (called raising tree). There
are three cases:
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(a) The base tree γ1 is an initial tree (figure 4.2 (a)): if there is a sub-
stitution node N in the right fringe of 〈γ2, 0〉 such that label(N ) =
label(root(γ1)), the result is a new dotted tree 〈δ, 0〉 such that γ1 is
grafted in N .

(b) The base tree γ1 is a left or wrapping auxiliary tree (figure 4.2 (b)): if
there is a non terminal node N in the right fringe of 〈γ2, 0〉, such that
label(N ) = label(root(γ1)), the result is a new dotted tree 〈δ, 0〉 such
that γ1 is grafted in N .

(c) The base tree γ1 is a right auxiliary tree (figure 4.2 (c)): if there is in
the left fringe of 〈γ2, 0〉 a non terminal node N such that label(N ) =
label(root(γ1)), the result is a new dotted tree 〈δ, 0〉 such that γ1 is
grafted in N .

In 〈δ, 0〉 (called raised tree) the left-anchor of 〈γ2, 0〉 becomes an underspec-
ified lexical node, and consequently the head-feature of all the nodes on the
projection of the left-anchor become a variable (figure 4.2).

Unlike the DVTAG operations defined in chapter 2, the left-association takes
as input two elementary dotted trees, and produces a new elementary dotted
tree. In fact, the DVTAG operations take as input the left-context (i.e. a
non elementary tree) and an elementary tree to produce a new left-context2

(i.e. a non elementary tree). The raised tree produced by the left-association
displays a larger number of predicted nodes in comparison with the base
tree. The raised tree has zero or more underspecified lexical items: the
raised tree has one more underspecified lexical item that projects a number
of the predicted nodes in the raised tree3 (cf. figure 4.4).

There are some similarities between left-association and the CCG type
raising operation [Ste00], because in both cases some root category X is
raised to some higher category Y. The type-raising rule turns “an argument
into a function over functions-over-such-arguments” [SB03], and allows an
argument to combine with a verb acting as a functor. The variable X in
type-raising is restricted to primitive argument categories, e.g. NP, and to

2Left-association can be performed during the parsing/derivation process (i.e. on line)
or with the goal to extend the lexicon (i.e. off-line). In this thesis we are exploring the
consequences of increasing the role of the competence grammar, we use this operation
off-line.

3The left-association operation can be viewed as a sort of chunking of linguistic knowl-
edge: this chunking could be useful in the definition of a language model in which specific
combinations of elementary trees that have been successful in the past experience become
part of the lexicon (cf. tuning hypothesis in psycholinguistic [MCCB95]).
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Figure 4.2: Three cases of the left-association procedure. (a) The base tree
is a direct initial dotted tree; (b) the base tree is a direct left auxiliary (or
wrapping) dotted tree; (c) the base tree is a direct right auxiliary dotted tree.
In the case (c) the tree produced is not linguistically motivated.

primitive functors like verbs. In contrast, left association does not pose re-
strictions on the root of the base tree.

The left-association can be used to transform a non dynamic LTAG G1
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into a DVTAG G2. This process can be viewed as a two steps algorithm

Algorithm 4.1. LTAG-DVTAG conversion algorithm

step 1: We build a DVTAG G′1 using the straightforward conversion proce-
dure defined in chapter 3 (pag. 106) (figure 4.3).

step 2: To produce G2, we apply the transitive closure of the left-association
G′1 (figure 4.4). In each application of the left-association, the base tree
is taken from the subset of the direct dotted trees and the raising tree
is picked from the whole lexicon. Since the left-association builds only
direct dotted trees, the output dotted tree is inserted in the direct subset.

The application of the transitive closure of left association is subject to a
closure condition. The sequence of raising tree in a transitive closure of the
left-association applied to some base tree 〈δ, 0〉 cannot include a repetition
of the root category. So, given a base tree 〈δ, 0〉, let us call root sequence the
sequence of the root categories of the raising tree that have been used in the
transitive closure. At the first step of the closure, the root sequence is given
by label(root(δ). At the i-th step, when the raising tree 〈γ1, 0〉〈γ2, 0〉...〈γn, 0〉
have been used, the root sequence is root(δ)root(γ1)root(γ2)...root(γn). The
closure condition states that the raising tree 〈γj, 0〉 cannot be used if the
root(γj) is in the current root sequence. For instance, in figure 4.4 (2), the
root sequence of the raised tree is “AP,N′,NP”; then we cannot use the raised
tree as the base tree of a new left-association if the root category of the raising
tree belongs to the set of labels AP, N′, NP.

The adequacy of the closure condition is motivated by the presence of
the adjoining operation, which, as in the case of LTAG factorizes recursion.
So, adjoining should account for some repetition of the root category outside
of the left-association. We have analyzed in chapter 3 a number of linguis-
tic constructions with potentially unbounded left-recursion. In those cases,
by using a DVTAG with predicted nodes, we have been able by adjoining
operations to derive the correct derived trees. But, since DVTAG respects
the strong connectivity hypothesis, not all the cases of recursion in LTAG
derivation tree are generable in DVTAG (cf. section 2.7.5), also using the
predicted nodes.

Then, in general the generative power of the DVTAG produced with the
left-association is not equal to the generative power of the starting LTAG.
Although, our final goal is to provide an exploratory analysis of a realistic
DVTAG. In particular, we want to measure the numbers of underspecified
lexical items, and then predicted nodes, in a wide-coverage DVTAG. In com-
parison with this task we assume as a working hypothesis, that the difference
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on the generative power between LTAG and DVTAG is not substantially rel-
evant.
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Figure 4.3: First step of the conversion from an LTAG to a DVTAG: each
nodes is augmented with a head variable.

Empirical results on XTAG

We have described a procedure to convert a LTAG in a DVTAG. We have
defined the left-association and we have used this operation in the conver-
sion algorithm with the aim to produce the predicted nodes in the DVTAG
elementary dotted trees. The iteration the left-association has been bounded
by using a closure condition based on the root sequence of the raising trees.

Now we want to empirically validate the reliability of the DVTAG gram-
mar (henceforth DVXTAG) obtained from the wide coverage LTAG grammar
of the XTAG system ([DHS+00]) through the conversion algorithm. In par-
ticular, we want to measure the size DVXTAG with respect to the number
of underspecified lexical items.

XTAG system is an ongoing project developed at Penn University to
produce a hand written wide coverage LTAG for English, and a set of tools
to develop and maintain the grammar. Now we describe the aspects of the
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Figure 4.4: Second step of the conversion from an LTAG to a DVTAG:
iteration of the left-association.

XTAG grammar that are relevant in our experiment. The XTAG grammar
is a feature-based LTAG: each node of the trees of the lexicon is equipped
with a feature structure (cf. section 3.1). The grammar is organized in
two components: the tree database and the syntactic database. The tree
database is a collection of templates, i.e. LTAG elementary trees without
anchors. The syntactic database contains the mapping between the lexical
items4 and templates in the tree database. That is, each entry of the syntactic
database contains a lexical item and a list of all the possible templates in the
tree database anchored by the lexical item. The tree database contains 1226
trees templates and the syntactic database contains 115,061 lexical entries5.

Since the final aim of the experiment is to analyze the DVXTAG with re-
spect to number of predicted nodes, we have done some working hypotheses
in the experiment. First, we have replaced the lexical anchor with the corre-

4The lexical items in the syntactic database are stems. Another component of the
grammar, the POS blender is used to map a word in the corresponding stem [DHS+00].

5The XTAG release used in this experiment is the version 5.46 (release-2.24.2001).
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# of iterations
of left-association

# direct dotted
templates

% direct dotted
templates

0 493 0.01
1 27,468 0.45
2 343,743 5.64
3 1,830,184 30.04
4 3,155,166 51.77
5 736,956 12.09

Total: 6,094,010

Table 4.1: Number of DVTAG templates in comparison with the number of
left-association, for the DVXTAG grammar.

sponding POS tag in each elementary tree of the XTAG grammar. This op-
eration corresponds to use directly the templates stored in the tree database,
without taking into account of the corresponding lexical anchors stored in
the syntactic database. As a consequence, the conversion algorithm produces
a DVTAG without specifications of the lexical items, i.e. it produces elemen-
tary dotted templates rather than elementary dotted trees. Second, we have
not considered the features associated with each non terminal node, i.e. we
have used the grammar as a non feature-based LTAG. This corresponds to
ignore the unification of the feature-structures in the left-association opera-
tion. The latter simplification also reduce the size of the XTAG grammar.
In fact, neglecting the feature structures, we have only 1101 distinct tem-
plates. Then we do not consider the feature structures, but we consider the
null adjoining constraints in the templates. In fact, this feature has a great
impact on the number of possible operations, and then on the number of
left-associations6.

In table 4.1 we have reported the number of direct dotted templates in
the DVTAG with respect to the number of the left-associations used to pro-
duce them, i.e. the number of LTAG elementary templates used to build
them. We obtain 6,094,010 elementary dotted trees7. In the DVTAG pro-
duced after the first step of the transformation algorithm, 493 out of 1101

6A preliminary version of this experiment has been presented in [LMS04]: in that case
we neglected the null-adjoining constraints.

7Without null adjoining constraints the number of direct dotted trees produced is
159,461,342.
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POS tag
left-anchor

Description

#
DVXTAG

left-anchored
templates

%
DVXTAG

left-anchored
templates

%
XTAG

templates

P Preposition 1,408,641 23.1 13.9
Ad Adverb 1,387,842 22.7 6.8
Punct Punctuation 1,019,165 16.7 4.5
N Noun 931,005 15.3 7.7
D Determiner 656,515 10.8 3
A Adjective 588,652 9.7 5.8
V Verb 101,203 1.6 57.6
PL Particle 423 0.1 0
G Genitive Noun 197 0.0 0.3
I Interjection 184 0.0 0.1
Comp Complementizer 183 0.0 0.1

Table 4.2: Number of DVTAG templates with respect to the POS tag of the
left-anchor for the DVXTAG grammar.

elementary dotted templates are direct, and 608 out of 1101 are inverse.
Since the left-association produces only direct elementary dotted templates,
the number of the inverse elementary dotted templates does not change in
the transformation algorithm8. The transitive closure of the left-association
starting from these base dotted templates produces 6,094,010 direct dotted
templates, with a maximum of 5 left-associations, and a distribution of the
templates that reaches its maximum at 4 left-associations with 3,155,166 di-
rect dotted templates. More than one half of the template (51.8 %) are built
with 4 left-associations.

In the table 4.2 we have reported the distribution of the direct templates
with respect to the POS tag of the left-anchor9. The most of the dotted
templates is left-anchored by prepositions (23.1 %), adverbs (22.7 %) and
punctuations (16.7 %). Unlike LTAG, where more than half of the templates
are anchored by the verbs (610 out 1094, 56 %), in the DVTAG produced
by the conversion procedure only a small fraction of the templates (1.6 %)
are anchored by the verbs: since English is verb-second language this is

8We do not have include these templates in the results reported in the tables.
9The XTAG grammar uses 11 POS tag labels and 15 non terminal node labels.
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reasonable.
The results of this experiment show that the conversion algorithm on

the XTAG grammar produces a really huge DVTAG in comparison with the
size of the original XTAG grammar. In the last years several studies have
showed that a critical point in the LTAG parsing process is the ambiguity
of the grammar [Sar00] [SXJ00] [ML04a]. These works have shown that in
LTAG the lexical ambiguity of the sentence is more relevant than the length
of the sentence for the parsing complexity. To take into account this fact, it
has been studied a statistical technique, among others, called supertagging,
with the aim to reduce the lexical ambiguity of the sentence before the real
parsing process [SJ99]. So, a huge lexicon could be problematic for a large
scale application of the formalism.

More than a half of the DVXTAG (51.8%) has four underspecified lexical
items. In [LS02a], they found that for a CPG automatically extracted from a
sample of the Penn treebank, no more than two underspecified lexical items
are necessary. Since the DVXTAG derives from a hand written grammar,
while the CPG reported in [LS02a] is automatically extracted, we cannot
draw final conclusion on the plausibility of DVXTAG. If we assume that hand
written grammars and treebank grammars share the same formal properties,
we could say that the closure condition of no repetitions in the root sequences
is maybe too weak to constrain the size of the DVTAG produced.

In the next experiment we test another method to build a wide coverage
DVTAG, i.e. the automatic extraction from a treebank. In this case, we
constrain the left-association closure with a stronger condition, based on the
information carried by the treebank.

4.3 Automatic extraction of a DVTAG from

Treebanks

Treebanks are collections of syntactically annotated data. In the last years,
several projects have started with the aim to produce treebanks for several
languages. The improvement of statistical methods in natural language pro-
cessing is crucially related on the development of these projects (for statistical
parsing see e.g. [Col97] [Roa01] [Chi03]).

The production of wide coverage grammars is one task that benefits
from the development of the treebanks. Different algorithms has been pro-
posed for the extraction of different grammatical formalisms [Cha96] [Xia01]
[Che01]. The type of annotation schema used in a treebank is very im-
portant in the task of grammar extraction. Some treebanks are annotated
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using a constituency paradigm (e.g. the Penn treebank [MSM93]), some oth-
ers using a dependency paradigm (e.g. the Prague Dependency Treebank
[BHHP99]), and some others using an intermediate paradigm (NEGRA tree-
bank [SBKU98]). Several algorithms have been proposed for the extraction
of a LTAG from constituency treebanks [Xia01] [Che01] [Chi03], dependency
treebanks [Xia01] [ML04a] and from the NEGRA treebank [Neu03]. All these
algorithms share a basic feature. They produce a LTAG grammar that covers
the treebank, and at the same time they assign a derivation tree DT to each
tree T of the treebank. Each derivation tree DT contains all the elementary
trees that the algorithm extracts from each derived tree T 10. The derivation
trees DT play a key role in the definition of a probabilistic model for the tree-
bank grammar [JS03]. Now we investigate how to adapt a LTAG extractor
as a DVTAG extractor.

Now we describe the basic feature of the algorithm (henceforth LexTract)
proposed in [Xia01] for the extraction of a wide coverage LTAG from Penn
treebank , and used in many applicative and theoretical studies, e.g. [SXJ00]
[XHPJ01]. Below we discuss a very similar algorithm used for the extrac-
tion of a wide coverage LTAG from an Italian dependency treebank [ML04a]
[ML04b]. LexTract can be essentially described as a two step procedure. In
the first step, each constituency tree of the treebank is converted into a set of
elementary trees. By using a head-table and a modifier-table ([Mag95]), the
algorithm identifies the head and modification relations between the nodes of
constituency tree. The algorithm uses the head-modifier annotation together
with a set of prototypical tree templates (a sort of extended projection skele-
tons) to extract a set of elementary trees that derives the constituency tree.
In the second step, using the elementary trees produced in the first step,
each constituency tree of the treebank is converted into a derivation tree.
The figure 4.5 depicts a tree that belongs to the Penn treebank; in figure
4.6 (a) and (b) there are the LTAG elementary trees and the corresponding
derivation tree extracted by LexTract.

Suppose now that the LTAG extractor, given the tree T of the treebank,
returns the elementary trees γ1...γn and the corresponding derivation tree DT

(i.e. derived(DT ) = T ). In general DT is not a dynamic derivation tree. So,
the DVTAG 〈γ1, 0〉...〈γn, 0〉, obtained from the straightforward conversion,
does not generate the same language of the LTAG γ1...γn, and then in general
does not generate T . Now we want to define a trivial algorithm based on the
left-association operation to obtain a DVTAG 〈δ1, 0〉...〈δm, 0〉. In this case,

10We cannot recover the original derivation trees a posteriori since the extracted LTAG
is usually ambiguous.
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Figure 4.5: A tree from the Penn treebank, Wall-street Journal, section 2.

we restrict the closure condition to accept only the left-association that are
useful in DT .

We define a left-corner relation on γ1...γn based on their position in D.
The main idea is to apply the conversion algorithm, using a different clo-
sure condition, based on the left-corner relation. That is, we apply the left-
association only on raised and raising trees that are in left-corner relation11.

Definition 4.2. γi is the left-corner of γj, γi ∠ γj, if and only if

1. parent(γi) = γj

2. label(root(γi)) 6= label(root(γj)

3. γi < γj and 6 ∃γk satisfying the condition (1) and (2) such that γk < γi

Now, we define a new algorithm based on the left-corner relation. The
idea is to build a DVTAG which uses the dotted trees to avoid insertion in

11We use the notation introduced in chapter 2: γi < γj means that the anchor of γi

precedes the anchor of γj in the sentence on the yield of T .
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the left-side. This algorithm takes as input a tree bank tree T and returns a
DVTAG generating T .

Algorithm 4.2. Extraction algorithm

step 1: We extract the LTAG γ1...γn and the derivation DT from T (i.e.
derived(DT ) = T ). We build the dotted trees 〈γ1, 0〉...〈γn, 0〉 augment-
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ing each non terminal node in γi i ∈ 1...n with a head feature that
contains the lexical item projecting the node.

step 2: To produce 〈δ1, 0〉...〈δm, 0〉 we apply the transitive closure of the left-
association on 〈γ1, 0〉...〈γn, 0〉. In each application of the left-association,
the base tree is taken from the subset of the direct dotted trees and the
raising tree is picked from all 〈γ1, 0〉...〈γn, 0〉. Since the left-association
builds only direct dotted trees, the output dotted tree is inserted in the
direct subset.

The application of the transitive closure of left-association is subject to
a Closure condition. The sequence of raising tree in a transitive closure
of the left-association applied to some base tree 〈δ, 0〉 has to respect the left-
corner relation. So, given a base tree 〈δ, 0〉, let us call raising tree sequence
the sequence of the of the raising tree that have been used in the transitive
closure. At the first step of the closure, the raising tree sequence is given
by δ. At the i-th step, when the raising tree 〈γ1, 0〉〈γ2, 0〉...〈γn, 0〉 have been
used, the root sequence is δγ1γ2...γn. The closure condition states that the
raising tree 〈γj, 0〉 can be used in the left-association only if the tree γn in
raising tree sequence is the left-corner of γj( γn ∠ γj). For instance, in figure
4.6 (a) the tree αsales is a left-corner of αdeclined with respect to the derivation
depicted in 4.6 (b). Then we can apply the left-association between the base
tree 〈αsales, 0〉 and the raising tree 〈αdeclined, 0〉, obtaining the raised tree of
figure 4.6.

There are some cases in which 〈δ1, 0〉...〈δm, 0〉 does not generate T . Since
not all the cases of recursion in LTAG derivation tree are generable in DV-
TAG, in some cases the extractor algorithm can provide a DVTAG that can-
not derives T . Again, our goal in the experiments is to measure the numbers
of underspecified lexical items, and then predicted nodes, in a wide-coverage
DVTAG. With respect to this task we assume as a working hypothesis, that
these wrong extractions do not alterate the results of our experiment: a num-
ber of random inspections on the wrong DVTAG extractions confirms this
hypothesis.

Extraction of an English DVTAG from Penn Treebank

The Penn Treebank is a project of the University of Pennsylvania to develop
a constituency based treebank. In this experiment we use the section 02-21
of the Wall-Street Journal part of the Penn Treebank II (39,832 sentences,
950,026 words).
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#
of iterations

of left-association

#
DVPenn
dotted
trees

%
DVPenn
dotted
trees

%
Connection

paths

0 764,359 90.95 82,33
1 75,125 8.94 15,26
2 959 0.11 2,28
3 7 0.00 0.13

Total: 840,450

Table 4.3: Number of (non distinct) DVTAG elementary dotted trees with
respect to the number of left-associations for the DVPenn grammar.

By applying the LexTract12 on the sections 02-21 of the Wall Street Jour-
nal part of the Penn treebank, we have obtained 841, 316 LTAG (non dis-
tinct) elementary trees13, corresponding to 5, 268 (distinct) templates. The
DVTAG extraction algorithm on these LTAG elementary trees, produces a
DVTAG (henceforth DVPenn) with 840, 450 (non distinct) elementary dot-
ted trees corresponding to 12, 026 (distinct) dotted templates. In table 4.3
we have reported14 the number of dotted trees with respect to the number
of left-association in DVPenn. Comparing the percentage of dotted trees in
DVPenn to the percentage of connection path in the CPG extracted from
Penn, we note that both the grammars have really few elementary structure
with more than two underspecified lexical items (0.001 % and 0.13 % for
DVPenn and CPG respectively). Moreover, most of the structures do not
use underspecified lexical items (90,95% and 82,33% for DVPenn and CPG
respectively). In table 4.4 we have reported the number of dotted templates
with respect to the number of left-association in DVPenn15. In this case, the
maximum percentage of dotted templated (52,63 %) are once left-associated.

In this exploratory test we have measured the numbers of underspecified
lexical items, and then predicted nodes, in a wide-coverage DVTAG produced

12We wish to thank Fei Xia, that kindly let us to use her program.
13The number of elementary tree is different in comparison with the number of token

words because LexTract does not extract trees anchored by punctuations.
14Note that differently from the DVXTAG experiments, with the aim to easier compare

the results with CPG, here we do not separate the number of direct trees/templates from
the number of inverse trees/templates.

15In this measure we do not have the complete data for CPG.
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#
of iteration

of left-association

#
DVPenn
dotted
templates

%
DVPenn
dotted
templates

#
Connection

paths

0 4,947 41.13
1 6,329 52.63
2 743 6.18
3 7 0.06

Total: 12,026 1,896

Table 4.4: Number of DVTAG templates with respect to the number of
left-associations for the DVPenn grammar.

with a trivial extraction algorithm. The results of the experiment show that
for the Penn treebank only few dotted trees have more than two under-
specified lexical items in the DVTAG dotted trees. Moreover, this result is
in accord with a precedent test performed with connection path grammars
[LS02a]. In the next section we replicate this experiment using a different
treebank.

Extraction of an Italian DVTAG from TUT

The Turin University Treebank (TUT) is an ongoing project of the Univer-
sity of Turin on the construction of a dependency style treebank for Italian
[BLVL00]: each sentence is semi-automatically annotated with dependency
relations that form a tree, and relations are of morphological, syntactic and
semantic types. The corpus is very varied, and contains texts from newspa-
pers, magazines, novels and press news. Its current size is 1,800 annotated
sentences (40,470 words). In figure 4.7 there is the basic TUT annotation of
the sentence (4.1) (sentence ALB-58).

(4.1) In
In

quegli
those

istituti
agencies

finanziari
financial

forse
maybe

sono
have

andati
gone

a
to

finire
finish

quei
those

soldi,
money,

ha
has

aggiunto.
added.

Maybe that money has gone to those financial agencies, he added.

Each node in the tree contains a terminal word, a number that refers to the
position in the linear order of the sentence, and the POS tag of the word.
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andati , ha

aggiunto

.subj obj sep

end

quegli

istituti

finanziari

finire

In forse sono a quei-i

soldi

loc

arg

arg

rmod

rmod aux rmod

arg

subj

arg

subj

aux

&-i

&

Figure 4.7: Example of dependency tree with basic TUT annotation for the
sentence In quegli istituti finanziari forse sono andati a finire quei soldi, ha
aggiunto.

Each label on the arcs of the tree represents a head-dependent relation. For
instance the relation “rmod”, that links the dependent adverb forse with
the head verb andati, contains the syntactic information that the adverb is
a restrictive modifier of the verb.

In order to extract the LTAG grammar, we have converted the TUT
treebank dependency format to a constituency format, and then we have
adapted the LexTract algorithm described above [ML04a]. The algorithm
that converts the dependency annotation in constituency annotation has two
stages. In the first stage it builds a binary constituency tree: starting from
the top node of the dependency tree, it incrementally creates a constituency
tree by introducing new unlabelled nodes in a right-branching structure. In
the second stage, each unlabelled node of the constituency tree is labelled
on the basis of its daughters labels: starting from the frontier nodes the
algorithm climbs bottom-up the constituent tree, and assigns a label to an
unlabelled node using some heuristic rules about the labels of its daughters
(the most relevant rule concerns the label of the head daughters). Figure
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Figure 4.8: Constituency tree obtained from to the dependency tree in figure
4.7.

4.8 depicts the constituency tree obtained from the dependency tree of figure
4.7.

The extraction algorithm is more complex, because of the rich (morpho-
logical and semantic) annotation in the TUT format. The conversion from
dependency to constituency trees exploits the dependency relation that orig-
inated a constituency link. In the extraction procedure we can use these
relations to recognize if a daughter node is the root of an argument subtree,
the root of a modifier subtree, or the head daughter. We use a recursive cut
procedure to extract the elementary trees that can generate that sentence.
First we identify the elementary tree anchored by the head of the root node;
then we call the procedure on the nodes that are the maximal projection
of the heads of the arguments, obtaining other initial trees; finally, we call
the procedure on the nodes that are the maximal projections of the heads of
the modifier, obtaining auxiliary trees. In figure 4.9 there are three LTAG
elementary trees extracted from the derived tree of the figure 4.8.

We have used the DVTAG extraction algorithm by applying the TUT
LTAG extractor on the whole TUT corpus. From the 167 out 1800 sentences
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Figure 4.9: Some elementary trees obtained from the constituency tree of
figure 4.8 (The lexical items have been replaced by the corresponding POS
tags).

are discarded because they represent linguistic constructions that the extrac-
tor is not yet able to take into account. From the remanent 1683 sentences,
the LTAG extractor produces (non distinct) 43, 621 elementary trees corre-
sponding to 1, 212 (distinct) templates, while the DVTAG extractor produces
40,463 dotted trees corresponding to 1, 614 dotted templates.

In table 4.6, we have reported the number of templates with respect
to the number of left-association. The total number of dotted templates
is 1,614: 844 are no left-associated, 752 are left-associated only once, 18
are left-associated two times. The percentage values for zero or once left-
associations is quite close (52% vs. 46.59%), while the number of two times
left-associated templates is very small (1,12%). In the last raw of the ta-
ble, we have compared the total number of dotted templates with the total
number of connection path type (i.e. template) reported in [LS02a].

The results of this experiment replicate the results of a previous experi-
ment on a similar grammatical formalism [LS02a], and our experiment pre-
sented in the previous section. We have empirically shown that also in TUT
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#
of iterations

of left-association

#
DVTUT
dotted
trees

%
DVTUT
dotted
trees

%
Connection

paths

0 37,382 92.39 82,33
1 3,059 7.56 15,26
2 22 0.05 2,28
3 0 0.00 0.13

Total: 40,463

Table 4.5: Number of DVTAG trees with respect to the number of left-
association, for the DVTUT grammar.

#
of iterations

of left-association

#
DVTUT
dotted

templates

%
DVTUT
dotted

templates

#
Connection Path

templates

0 844 52.29
1 752 46.59
2 18 1.12

Total: 1,614 1,896

Table 4.6: Number of DVTAG templates with respect to the number of
left-association, for the DVTUT grammar.

the number of underspecified lexical items necessary to guarantee strong con-
nectivity is quite low. Only 22 dotted tree out of 40,463, needs more than
one underspecified lexical items to guarantee strong connectivity.

Summary

In these chapter we have provided two exploratory experiments to study
the applicability of DVTAG in a applicative domain. We have considered
two methods to build a wide coverage DVTAG. In the first experiment, we
have used the left-association operation to convert the XTAG grammar in a
DVTAG (i.e. DVXTAG). The grammar produced has several underspecified
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lexical items, and then it has a very big size.
In the second experiment we have defined an algorithm to extract a DV-

TAG from a treebank, based on a generic LTAG extractor. We use this
algorithm to produce two wide coverage DVTAGs for English and Italian,
DVPenn and DVTUT respectively. Analyzing this grammars, we have found
that the dotted trees extracted from the treebanks have very few underspec-
ified lexical items.
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Conclusion

This thesis has defined the DVTAG formalism, an approach that models
dynamic syntax of human language. The chapter structure of the thesis
reflects the four goals that have been reached. First, starting from experi-
mental, theoretical and applicative motivations, we have described the three
basic assumptions of DVTAG, i.e.

• Incrementality-in-competence hypothesis, i.e. the grammar specifies
completely the mechanisms involved by incrementality.

• Strong connectivity hypothesis, i.e. the grammar produces structures
that are fully connected.

• AFR hypothesis, i.e. adjoining is an operation of the grammar.

The first hypothesis is basically supported by theoretical and applicative
motivations; the second and third hypotheses are supported by the results
of psycholinguistic experiments. These three assumptions encode our basic
hypothesis about the incremental nature of the human language processing.
We have used the paradigm of dynamic grammars as a framework to define
DVTAG. Dynamic grammars define well-formedness of syntactic structure in
terms of states and transitions between states. In DVTAG the states are par-
tial syntactic trees that are updated as each word is recognized. Each tran-
sition transform the actual state, i.e. the left-context, in a new state using
some operations of substitution and adjoining. Using the dynamic paradigm
we have been able to fulfill our three basic assumptions. In the definition
of the DVTAG elementary structures, we have borrowed two notions from
parsing, i.e. dotted trees and fringes. This is a natural consequence of the
incrementality-in-competence assumption, since some issues that are usually
assigned to the performance level are here defined at the competence level.
Again, to fulfill the strong connectivity hypothesis, we have defined several
substitution and adjoining operations and we have introduced the notion of
predicted nodes. Several operations are necessary because strong connectiv-
ity constrains the applicability of the adjoining mechanism. The predicted
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nodes extend the syntactic projection of a word to guarantee the connection
of the word with the left-context.

Then we have characterized the generative power of DVTAG. We have
related the DVTAG languages to LTAG and context-free languages. Using
the formal definition of DVTAG, we have compared the DVTAG genera-
tive power to the LTAG generative power. We have introduced the notion
of partial derivation tree in LTAG, and we have used it to relate DVTAG
derivations to LTAG derivations. In particular, the partial derivations allow
us to introduce the notion of strong connectivity in the LTAG derivation
tree.
In theorem 2.17 we have proved that each DVTAG derivation chain can be
reduced to a LTAG derivation tree that fulfills some constraints on the cor-
responding partial derivation trees. Then, the LTAG subclass that generates
only this kind of derivation trees is equivalent to DVTAG. Moreover, we have
introduced dynamic LTAG, a limited version of feature-based LTAG. In the
theorem 2.20, we have proved that the subclass of LTAG that satisfies the
hypotheses of the theorem 2.17 is equivalent to dynamic LTAG. Using these
equivalences we have shown that (feature-based) LTAG class of grammars
properly contains DVTAG class of grammars, i.e. for each DVTAG gram-
mar G1, exists a LTAG grammar G2, that generates the same tree language.
The inclusion relation between LTAG and DVTAG is proper, because there
are some LTAG tree languages that cannot be generated by DVTAG. We have
provided an example of a LTAG tree language that cannot be generated by
DVTAG. This language is generated in LTAG using a “recursive branch” in-
side the derivation tree. In DVTAG, the strong connectivity hypothesis does
not allow to generate the same kind of recursive structure. Furthermore we
also have shown that context-free class of grammars is properly contained in
DVTAG, class of grammars, i.e. for each context-free grammar there exists
a DVTAG that generates the same tree language. In this proof we have used
the equivalence between context-free grammars and LTIG in normal form.
Since DVTAG can generate some context-sensitive language, this is again a
proper inclusion.
Summarizing the relations between DVTAG, LTAG and CFG we have ob-
tained our second goal, i.e. that DVTAG is mildly context-sensitive. In fact,
DVTAG has the constant growth property and the polynomially parsabil-
ity property since DVTAG class of grammars is a subset of LTAG class of
grammars. Moreover, DVTAG can generate the context-free languages, and
finally we have shown by using an example that DVTAG generates languages
with cross-serial dependencies.
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The third goal reached in this thesis is the analysis of a number linguistic
constructions in DVTAG. The formal results have posed some limitations on
the translation of a LTAG analysis into a DVTAG analysis. We have stud-
ied some linguistic constructions that are derived by non dynamic derivation
trees in LTAG literature. We have shown that predicted nodes play a funda-
mental role in the derivation of head final constructions. Moreover, we have
considered the generation of construction that have “recursive branch” in the
corresponding LTAG derivation tree. In the case of construction involving
several adjectives that precede a noun, we have shown that a DVTAG anal-
ysis that uses predicted nodes can be provided. Differently, for the DVTAG
derivation of Dutch relative clauses, we needed to introduce a new operation,
called dynamic wrapping.
Using dynamics to model syntax, we obtain a sequence of tree compositions,
i.e. in DVTAG we have a derivation chain rather than a derivation tree. This
does not allow us account for the lexical dependencies by using the deriva-
tion structure. The head-feature allows us to solve this problem. So, we
have defined a procedure to transform the left-context in a dependency tree
that is based on the head-feature. We have shown that this mechanism can
account for the lexical dependencies, and allows us to generate the correct
dependency structure for few cases that are problematic in LTAG.

The final goal reached in this thesis is a preliminary test for the applica-
bility of DVTAG in a realistic domain. We have provided an analysis on
the possibility to build a wide coverage DVTAG. The underspecified lexical
items, and then the predicted nodes, are a key feature of DVTAG, but they
can dramatically increase the size of a realistic grammar, even if previous
experiments on the Penn treebank have shown that the number of predicted
node necessary to build a realistic DVTAG is not very high. On this basis,
we have designed an exploratory experiment to measure the size of a wide
coverage DVTAG. We have defined the left-association, an operation that al-
lows a trivial conversion from a LTAG into a DVTAG. Using this operation
we have converted the XTAG grammar into a DVTAG. Since some dotted
trees of this grammar have several underspecified lexical items, the grammar
has a really big size. Then, we have designed a new exploratory experiment
to directly measure the number of predicted nodes necessary in DVTAG to
produce the sentences of a treebank. We have implemented a trivial extrac-
tion algorithm based on the LTAG extraction algorithm. This algorithm has
allowed us to verify that for two distinct treebanks, a realistic DVTAG does
not uses more than two underspecified lexical items. The result of this exper-
iment has shown that our trivial conversion of the XTAG grammar produces
a DVTAG very different with respect to a treebank DVTAG, i.e. the number
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of predicted nodes in a DVTAG produced from XTAG is greater than the
number of predicted nodes in a DVTAG extracted from the Penn treebank.

In the future work we plan to extend the analyses of the parsing process
developed for LTAG formalism to DVTAG formalism.

We intend to the investigate on the coverage of the DVTAG produced by
left-association. In this way we can give a more precise comparison between
LTAG and DVTAG wide coverage grammar. We plan to study the rela-
tion between the parsing complexity and lexical ambiguity. Previous works
showed that the lexical ambiguity plays a key role in the complexity of the
LTAG parsing [Sar00] [SXJ00] [ML04a]. In DVTAG, the lexical ambigu-
ity related to the predicted nodes could have a great impact in the parsing
process. A related argument is the possibility to introduce some underspeci-
fication techniques in DVTAG parsing [Roa01]. For instance, we can imagine
to reduce the number of predicted nodes in the dotted trees allowing some
further underspecification on the nodes that are not in the fringe. A related
argument is the supertagging [SJ99], i.e. the reduction of the lexical ambigu-
ity on the basis of statistical techniques. Again, the notion of the predicted
nodes could play an important role in this technique.
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[AR00] A. Abeillé and O. Rambow, editors. Tree Adjoining Gram-
mars: Formalisms, Linguistic Analysis and Processing. (CSLI-
LN) Center for the Study of Language and Information-Lecture
Notes, 2000.

[BHHP99] A. Bemova, J. Hajic, B. Hladka, and J. Panenova. Syntactic
tagging of the the prague dependency treebank. In Treebanks
workshop - Journes ATALA sur les corpus annots pour la syn-
taxe, pages 21–29, 1999.

[BLVL00] C. Bosco, V. Lombardo, D. Vassallo, and L. Lesmo. Building
a treebank for italian: a data-driven annotation schema. In
LREC00, pages 99–105, Athens, 2000.

[Boh03] B. Bohnet. Mapping phrase structures to dependency structures
in the case of (partially) free word order languages. In MTT03,
pages 217–226, 2003.

[BRN92] T. Becker, O. Rambow, and M. Niv. The Derivational Power
of Formal System or Scrambling is beyond LCFRS. Technical
report, Institute for Research in Cognitive Science, University of
Pennsylvania, 1992.

[BW84] R. Berwick and A. Weinberg. The grammatical basis of linguistic
performance: language use and acquisition. MIT Press, 1984.

173



[Cha96] E. Charniak. Tree-bank grammars. In AAAI/IAAI, Vol. 2, pages
1031–1036, 1996.

[Cha00] E. Charniak. Immediate-head parsing for language models. In
ACL00, 2000.

[Che01] J. Chen. Towards Efficient Statistical Parsing using Lexicalized
Grammatical Information. PhD thesis, Computer and Informa-
tion Science Department, University of Delaware, 2001.

[Chi01] D. Chiang. Constraints on strong generative power. In ACL-
EACL, pages 124–131, Toulouse, July 2001.

[Chi02] D. Chiang. Putting some weakly context-free formalisms in or-
der. In TAG+6, pages 11–18, Venice, 20-23 May 2002.

[Chi03] D. Chiang. Statistical parsing with an automatically extracted
tree adjoining grammar. In R. Bod, R. Scha, and K. Sima’an, ed-
itors, Data-Oriented Parsing, pages 299–316. CSLI Publications,
2003.

[Cho57] N. Chomsky. Syntactic structures. The Hague: Mouton, 1957.

[Cho65] N. Chomsky. Aspects of the theory of syntax. MIT Press, 1965.

[CJ98] C. Chelbea and F. Jelinek. Exploiting syntactic structure for
language modeling. In COLING-ACL98, pages 225–231, 1998.

[Col97] M. Collins. Three generative, lexicalised models for statistical
parsing. In ACL97, pages 16–23, 1997.

[Cro92] M. W. Crocker. A Logical Model of Competence and Performance
in the Human Sentence Processor. PhD thesis, Dept. of Artificial
Intelligence, University of Edinburgh, UK, 1992.

[DCS00] M. Dras, D. Chiang, and W. Schuler. Multi-component TAG
and notions of formal power. In ACL00, 2000.

[DCS03] M. Dras, D. Chiang, and W. Schuler. On relations of con-
stituency and dependency grammars. Language and Computa-
tion, in press, 2003.

[DHS+00] C. Doran, B. Hockey, A. Sarkar, B. Srinivas, and F. Xia. Evolu-
tion of the xtag system. In A. Abeillé and O. Rambow, editors,
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