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Abstract.  We intro duce a modular, dependency-basedformalization of
Information Structure (IS) basedon Steedman's prosodic accourt [1,2].
We state it in terms of Extensible Dependency Grammar (XDG) [3], in-
tro ducing two new dimensions modularly modeling 1) prosodic structure,
and 2) theme/rheme and focus/background partitionings. The approach
goeswithout a non-standard syntactic notion of constituency, and can be
straightforw ardly extended to model interactions between IS and other
dimensions such as word order.

1 Intro duction

Information Structure (IS) is the way in which writers/sp eakers organize their
utterances, dividing their linguistic meaning in some parts that link the con-
tent to the context, and others that advance the discourse,i.e. add or modify
information. IS is an important factor in determining the felicity of a sertence
in a given context. Applications in which IS is crucial are text-to-speed (TTS)
systems, where IS helps to improve the quality of the speed output [4], and
machine translation (MT), wherelS improvestarget word order, especially that
of free word order languages[5].

In this paper, we presert a modular, dependency-basedaccourt of IS based
on Steedman's prosodic accourt of IS for Combinatory Categorial Grammar
(CCG) [1,2]. Like Steedman, we will establish a bi-directional correspondence
betweenIS and prosadic structure, i.e. when the IS is known, we can determine
the prosadic structure (e.g.in TTS systems), and when we have the prosodic
information, we can extract the IS (e.g. to augmert dialog transcripts).

We state our approac in terms of Extensible DependencyGrammar (XDG)
[3], which allows us to take a dierent, more modular perspective on IS. We
distinguish three notions of constituency: syntactic, prosodic, and information
structural, which are related, but not identical. Thus, contrary to Steedman,we
can decouplesyntax from information structure, and do not posit hon-standard
syntactic constituents. By this, we can monotonically add IS to existing XDG



grammars. Moreover, our accourt is prepared to straightforwardly state con-
straints on the interplay of IS, prosody and word order, asrequired for free word
order languagessuch as Czed. This would bring XDG closerto Functional Gen-
erative Description (FGD) [6], and Kruij 's DependencyGrammar Logic (DGL)
[7].

The structure of the paper is as follows. Section 2 givesan overview of the
XDG grammar formalism. Section3 is a short intro duction about the existing 1S
approades; we concerirate on Steedman'sprosodic accourt and his two levels
of IS: theme/rheme and focus/background. In section 4, we integrate IS into
XDG, introducing two new dimensions: one to model the prosadic structure
of the sertence and one to describe the theme/rheme and focus/background
distinctions. In section 5, we conclude and outline avenuesfor future researd.

2 Extensible Dependency Grammar

In this section, we intro duce Extensible DependencyGrammar (XDG) [3]. XDG
is a grammar formalism basedon dependency grammar [8], and a generaliza-
tion of Topological Dependency Grammar (TDG) [9]. XDG is all about modu-
larity , striving to transplant ideasfrom software engineeringinto the context of
grammar formalisms. Modularity ensuresboth re-usability and compositionality :
XDG grammarsare consequetly composedfrom layersof simple, re-usablemod-
ules. This yields new possibilities for grammar engineeringand cross-linguistic
modeling.

2.1 Dependency Grammar

Dependencygrammar modelsthe syntax of natural languagein terms of relations
between words, which correspond 1:1 to nodes. Dependency relations involve
heads and dependents For examplein the dependencyanalysis displayed belov
in (1), the nite verb did is the head of the dependert Marcel and prove is the
head of what Dependencyrelations are often further speci ed: In (1), Marcel is
a subjdependert of did, i.e. the subject, and what is the object of prove
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What did Ma.rcel prdve?

2.2 Multiple Dimensions

Dependency grammar was originally concernedwith surface syntax only [8].
However, nothing stops the general concept of dependency grammar|stating



relations betweenwords|from beingtransferredto other linguistic areas,includ-
ing morphology, deepsyntax, and semariics. In this generalizedsense pioneered
by the Pragueand RussianSdools [6, 10], a dependencyanalysisconsistsof mul-
tiple dependencygraphs,onefor ead linguistic dimension. XDG alsoadopts this
idea.

The componerts of a multi-dimensional dependency analysis are not inde-
pendent. For instance, semaric argumerts can only be realized by appropriate
syntactic functions (e.g. agerts by subjects). [6,10] usefunctional mappings be-
tweenarchitecturally adjacert dimensions(e.g. surfaceand deepsyntax). XDG
goes beyond that: Each dimension can be made to interact with any other by
bi-directional, relational constraints.

2.3 Word Order

XDG's allows to split up surfacesyntax into the two dimensionsof Immediate
Dominance (ID) and Linear Precedene (LP). This is essetial for the successful
treatment of complex word order phenomenain [9]. The ID dimensionis solely
dewoted to syntactic function, with word order factored out, an ID analysis
being an unordered tree as in (1) above. Word order is taken care of in the

LP dimension. LP analysesare ordered trees, atter than the corresponding ID

trees. We display an example LP analysisin (2) below:

xoﬂ"’%"cp
O 0 O )
nounp nounp infp
What did Marcel prove?

Here, the nite verb did is the head of three dependerts: What, Marcel and
prove What is a topp-dependert, i.e. it is in topicalized position. Similarly, Mar-
cel is in subject position, and prove in verbal complemen position. In the LP
analysis, ead node carries a node label. This is usedto order headswith respect
to its dependens. In (2), did has node label np. A well-formed LP analysis
must be correctly ordered accordingto a global order on the set of labels, e.g.:

topp np subjp vcp 3)

Here, we state that topicalized words must precede nite verbs, subjects, and
verbal complemers.

2.4 Semantics

XDG allows us to go far beyond surface syntax. In [3], the authors introduce
the dimensionsof Predicate-Argumentstructure and Sape structure to represen
semartics. Becauseof the relational nature of XDG, this syntax-semartics in-
terface is automatically bi-directional: Syntax can disambiguate semartics, and
also vice versa, e.g. semartic attachment preferencescan resolve modi er at-
tachmert in syntax. As semariics doesnot concernusin this paper however, we
omit further mertion of it here.



2.5 Principles

The well-formednessconditions of an XDG analysis are speci ed by principles
from an extensible principle library. Each principle has a declarative semartics
and can be parametrized. The tree principle for example constrains an analysis
to be a tree, and is parametrized by dimension. Thus, the same principle can
be usedto constrain the analyseson the ID and LP dimensionsto be trees.
The valency principle is is addition lexicalized, and constrainsthe incoming and
outgoing edgesof eat node. On ID, for instance,a nite verbsuc asdid requires
a subject (outgoing edges),and only nouns can be subjects (incoming edges).
The principles so far were one-dimensional principles, constraining only one
dimension. To constrain the relation between multiple dimensions,XDG o ers
two means:1) the lexicon, and 2) multi-dimensional principles. Firstly, the lex-
icon assignsto ead word a set of lexical entries simultaneously constraining all
dimensions.Secondly the principle library includesmulti-dimensional principles,
parametrized by multiple dimensions,which directly constrain their relation.

2.6 Lexicon

XDG grammars rely heavily on the lexicon. To easethe creation of the lexi-
con and the statement of linguistic generalizations, XDG provides facilities in
the spirit of Candito's metagrammar [11], and extended in [12]. Basically, the
XDG metagammar is an abstract languageto describe the lexicon, which is
automatically compiled out to yield the lexicon itself.

2.7 Parsing and Generation

XDG parsing and generationis done by the constraint-based XDG solver. Given
that XDG solving is NP-complete in the worst case,handcrafted grammars have
yielded good performancein the averagecase.This makes XDG already inter-
esting for the exploration of new linguistic theories such as the one preseried
here. A comprehensie grammar developmert toolkit including the XDG solver
is freely available and easyto install and use[13]. Sofar, the XDG solver cannot
yet parseinduced grammars (e.g. from Prague Dependency Treebank) compet-
itiv ely [14], but researd is underway to improve its performance.

3 Information Structure

In this section, we intro ducethe conceptof Information Structure (1S), illustrate
it with examples,and brie y touch upon selectedissuesrelated to it. We dewote
speci ¢ attention to Steedman's[1,2] prosodic accourt of information structure
which we have chosenasthe basisfor our realization of IS in XDG.



3.1 Information Structure Basics

By Information Structure (IS), we mean the way people organize the cortent
they want to communicate in an utterance. There are usually seweral ways for
the same propositional content to be preseried. An alternative name for the
sameconceptis Information Padkaging, introducedby Chafe [15]. He illustrated
its meaning as follows:

[The phenomenaat issuehere]haveto do primarily with how the message
is sert and only secondarilywith the messagetself, just asthe padkaging
of toothpaste can a ect salesin partial independenceof the quality of
the toothpaste inside.

IS is typically realized by a combination of various means,depending on the
typology of the language. In languageswith relatively xed word order such
as English, prosady is often a prominent factor. Free word order languagesare
more likely to realize IS by word order variation, whereasother languagessuc
as Japaneserealize IS by morphology (e.g. the special topic marker -wa).

Di erent nameshave beenusedfor the sub-divisionsin IS: topic and focus,
theme and rheme, ground and focus, relatum and attributum, to name just a
few. What all these divisions have in common, with minor di erences, is that
they distinguish a part of an utterance that links it to the previous discourse,
and another part that is a novel cortribution. For a more extensive overview of
di erent approachesto IS, see[16] and [7]. We usethe terms theme and rheme
asintroduced by the Prague circle of linguists (note that our use of theseterms
di ers from the useby Halliday [17]). Themeis the part that relatesthe utterance
to the previous discourse,while rheme adds or modi es someinformation about
the theme.

As hinted at in Chafe'sde nition, IS doesnot a ect the propositional cortent
of an utterance, but instead its contextual felicity. For example, while (1)a is a
suitable answer for the questionin (1), (1)b is not acceptablein the givencontext:

Example 1. What did Marcel prove?
a. [Marcel proved],, [completeness .],,,
b. [Mar cel ], [proved completenesy,,

The words in small capitals in (1) carry the main intonational accen of the
sertence. Assumingthat this accent marks the rheme, we can seewhy only (1)a,
but not (1)b is an appropriate answer to the question: completenessis the new
information asked for, not Marcel.

3.2 Proso dic Account of Information  Structure

Steedman[1, 2] divides IS into theme and rheme. In his approadh, the IS division
follows prosaodic phrasing. Both theme and rheme can be further divided into
badkground and focus. The focused material in the theme and rheme are the
words that carry pitch accens, while the unaccened words are the badkground.



The most commonkind of theme is the so-called\un-mark ed" theme, where no
words carry a pitch accen. Marked themesasin (2) are used when one item
standsin explicit contrast with another item from the previous discourse.

Example 2. | know that Marcel likesthe man who wrote the musical.
But who doeshe admire ?

ME{EC_%l Fd_rr{lge_s.} }he woman Wh? Pﬁ%iei } }he nwsica}.
Fackground{7 focus} | backgr ound {f7ocus backgr ound

theme rheme

Steedmanclaims that there is a speci ¢ set of pitch acceris in English that
can accompary the theme, and another that can accompary the rheme, the
most common theme pitch accen being L+H* and the most common rheme
pitch accen being H*.4

Boundary tonesdelimit prosadic phrases.There are various boundary tones,
the most frequertly occurring onesbeing a low boundary | LL%, and a rising
boundary | LH%. There is a tendency for LH% to occur at the end of an
intonational phrase containing the theme pitch accert L+H*, and for LL% to
occur after the rheme pitch accent H*.

According to the prosadic phrasing, CCG provides di erent parsesfor the
samestring of words, giving rise to di erent interpretations with respect to the
information structure:

Example 3. | know what Mark proved, but what did Marcel prove?

Mar cel proved completeness .

L+H* LH% H* LL%
completeness

Marcel proved

Example 4. | know what Mark did, but what did Marcel do?

Mar cel proved completeness .

L+H*  LH% H* LL%  yjareel

proved completeness

While pitch accers are seenas properties of the words that carry them,
boundary tones are seenas individual lexical entries and independert phrasal
constituents.

4 The intonational notation usedis due to Pierrehumbert [18]. According to her, into-
national phrasesare made up of the following componerts: pitch accert(s), phrasal
tone and boundary tone. In Steedman's[1], [2] represertation the last two have been
joined together under the name 'boundary tone'. L stands for low pitch, and H for
high pitch.



4 Adding Information Structure to XDG

In this section, we presert a way of modeling the information structure realiza-
tion within the XDG formalism. We follow Steedman'sapproach [1, 2] sketched
in section 3.2, and realizeit by introducing two new XDG dimensions:Prosdalic
Structure (PS) and Information Structure (IS).

4.1 PS Dimension

A PS analysisis a tree whoseroot correspondsto the punctuation mark at the
end of the sertence. The daughters of the root are the words carrying boundary
tones. Thus, the outgoing edgesof the root may be labeled with LL% (low
boundary tone), LH% (high boundary tone), H* _LL% (falling pitch accen and
low boundary tone) and L+H* LH% (rising pitch accert and high boundary
tone). For simplicity, we consider only the two most frequert types of pitch
accerns (H* and L+H*) and the two mostfrequert typesof boundary tones(LL%
and LH%). While Steedmanviews only pitch accers as properties of words,
and treats boundary tones as separate\w ords", we treat both pitch accens and
boundary tones as properties of words.

Boundary tones delimit non-overlapping, cortiguous prosodic constituents.
Each word carrying a boundary tone is the head of a prosodic constituent, and
has the node label b (for boundary). To its left, it can have acceried (labeled
with H* or L+H*) or non-accened daughters (na), both having the node label
nb (for non-boundary).

We constrain the PS dimension by the following one-dimensionalprinciples:
1) tree, 2) valency, and 3) order. The tree principle constrains PS analysesto
be trees, and the valency principle lexically restricts the incoming and outgoing
edgesof eadh node. The order principle servesthree purposes:a) it restricts the
node labelsof eat node, b) it requiresPS constituents to be projective,i.e. non-
overlapping, and c) the order of the daughters of each node must be compatible
with the following global order, stating that boundary tones follow everything
else®

fL+H*; H*; LH%; LL%; L+H* LH%; H*_LL%; na, nbg fbg 4)

The restrictions on the incoming and outgoing edges(valency; in and out
features)and on the node labels(order; on feature) of ead node are stipulated in
the lexicon. As an example, we show the lexical classpa2_bo2 for words carrying
both an H* pitch accert and an LL% boundary tone:

2 ) 33
in: fH*_LL%?g

pa2bo2::= 4PS:4out:fH* ;nag 53 (5)
on: fbg

5 This global order actually orders sets of labels instead of just labels, contrary to the
total order given in (3) above. The order of labels within these setsis unrestricted.



Words inheriting from this class can only have incoming edge H* _LL%, and
can have arbitrary many outgoing edgesto acceried words labeled H*, or to
non-accetied oneslabeled na. Their node label is b.

For illustration, we display someexamplePStreesbelow, corresponding resp.
to examplesl, 3 and 4 from section 3:

Example 5. What did Marcel prove?
Marcel proved completeness .
H* LL%

/na—-— nafwm“y?
O O o

nb nb b
Maicel proved completenessi* _LL%

nb

Example 6. | know what Mark proved, but what did Marcel prove?
Mar cel proved completeness .
L+H* LH% H* LL%

O/ nb
b b :
nb : : :
MarceLL+H* proved LH% completenessi*_LL%

Example 7. | know what Mark did, but what did Marcel do?

Mar cel proved completeness .
L+H* LH% H* LL%
/LH%’W?
o 0 :
: O/“a : nb

b b

: nb :
MarcelLL+H* LH% proved completenessi* _LL%

4.2 IS Dimension

Using XDG's modular methodology, we can simplify our accourt by rst spec-
ifying the IS dimensionindependerly from PS. Only later will we regulate the
interplay of the two using the lexicon, and a multi-dimensional principle.

An IS analysis is again a tree whose root corresponds to the punctuation
mark. The daughters of the root are those words carrying a pitch accen (in-
stead of those carrying boundary tonesin the PS), which we call foci following
Steedman. Their incoming edgelabel is either theme or rheme and their node
label is f (for focus). We require eadh sertenceto have at least one rheme, (but
cf. all theme utterances in [1]), and arbitrary many themes.



Foci are the headsof non-overlapping, contiguous information structural con-
stituents (i.e. themesor rhemes). Their daughters are the words constituting the
backgmound (edgelabel backgp). These have node label nf (for non-focus). Con-
trary to boundary tonesin the PS, which have to be positioned rightmost in PS
constituents, the position of foci within IS constituents is unconstrained. Here
is an example IS analysis (cf. Example 6 in section4.1):

Example 8. | know what Mark proved, but what did Marcel prove?
[Mar cel proved],, [completeness .].,

e e
O‘\/ them O — el

f o f
: nf :
MarcelLL+H* proved LH% completenessi*_LL%

nf

We constrain the IS dimension by re-using the following one-dimensional
principles: 1) tree, 2) valency, and 3) order. In the IS dimension, the purposeof
the order principle is twofold: a) it restricts the node labels of eath node, and b)
it requires|S constituents to be non-overlapping. It doesnot, however, prescribe
an order on the set of labels.

As an example, we show the lexical classrf for the foci of rhemes:

2 ) 33
in: frhemeqg

rf ::= 41S : 4 out: fbackgrg 55 (6)
on: ffg

Words which inherit from this classcan only have an incoming edge labeled
rheme can have arbitrary many outgoing edgeslabeled backgr, and have node
label f.

The dimensionsof IS and PS are certainly not independert. We constrain
their relationship by two means:1) the lexicon, and 2) a multi-dimensional prin-
ciple. First, we constrain the lexicon suc that nodeswith incoming edgesL+H*
and L+H* _LH% in the PS must have the incoming edgethemein the IS, and
those with incoming edgesH* and H*_LL% in the PS rhemein the IS. Secondly
we use a multi-dimensional principle called island principle, which states that
IS constituents must always be parts of corresponding PS constituents. In other
words, IS constituents cannot crossthe prosadic constituent boundaries.

As an examplefor the lexicon constraining the relation betweenPS and IS,
we show the lexical class rhemepa_bo, resulting from the combination of the
classespa2 o2 ((5) above) and rf ((6) above):

2 2 . 33
in: fH*_LL%?g

PS:4out:fH* ;nag S
_ o on:fbg 3
rheme pa.bo in : frheme’g 7)
IS : 4 out : f backgrg
on:ffg



Words inheriting from this classhave the pitch accent H*, and boundary tone
LL% (incoming edgelabel H* _LL%) in the PS. Sincethesetonesaccompary only
rhemes,they must consequetly have incoming edgelabel rhemein the IS.
Sofar, we have not dealt with the issueof unmarked themes, which cortain
no pitch accers, and consequetly no foci. In this case,the IS can be ambiguous.
Consider Example 9 where 9a could be an answer to any of the questions9b-d:

Example 9. a) Marcel proved completenessH* _LL%.
b) What did Marcel prove?
¢) What did Marcel do?
d) What's new?

In sudch cases,we make each word in the unmarked theme form a singleton
IS constituent (including only itself). These have incoming edgelabel umtheme
(for un-marked theme). Thus, we correctly licenseall three IS analysesfor the
prosadically unambiguous sertence 9a:

Example 10. Marcel proved completenessH* _LL%.
PS dimension:

\’\-k ’\,\P/ o .

na/\'\a/(:)/ n:b
e o~ b :

nb nb : :
Maicel proved completenessi* _LL%

IS dimension:

What's new?
[Marcel proved completeness ],

/rheme
packgl —packdl = : :
/ .
@) o— f nf
nf nf : .
Marcel proved completenessi* _LL%

What did Marcel do?
[Marcel],, [proved completeness ],

O/ umthemeﬁﬁ
: packd! : '
nf f
: nf :

Marcel proved completenessi* _LL%

nf

What did Marcel prove?
[Marcel proved],, [completeness ],



umt! umtheme fheme
Qe/oﬂmg Q/

nf nf f
Marcel proved completenessi* _LL%

nf

5 Conclusion

We preserted a new, modular and dependency-basedormalization of IS in terms
of Extensible Dependency Grammar (XDG) [3]. As a starting point, we chose
Steedman'sprosodic accourt of IS [1,2]. Our reformulation of his ideasin XDG
resulted in a di erent perspective on the interplay of IS and syntax, completely
decoupling the two. Thus, we did not introduce non-standard syntactic con-
stituents, and could add IS monotonically to any existing XDG grammar.

The approacd preserted herein is not at all \just theoretical": We have al-
ready implemented an English grammar usingthe XDG Developmert Kit (XDK)
[13], which re ects precisely the accourt given in this paper. It is contained in
the new XDK distribution.

The most interesting avenue for future researd is the interplay of IS with
other linguistic areassudc as word order. In English IS is mostly realized by
prosady, but this picture changesfor free word order languagessucd as Czed,
where word order is another prominent factor [7]. Our XDG-based accourt is
perfectly preparedto accommalate sud interactions. It allows for the straight-
forward statemert of constraints that relate the IS dimensionto the dimension
of word order, e.g.that topicalized material must be the theme (which is actually
the caseeven for certain dialects of English).
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