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Abstract
Treebankformatsandassociatedsoftwaretoolsareproliferatingrapidly, with little considerationfor interoperability. We survey a wide
variety of treebankstructuresandoperations,andshow how they canbe mappedonto the annotationgraphmodel,andleadingto an
integratedframework encompassingtreeandnon-treeannotationsalike. Thisdevelopmentopensup new possibilitiesfor managingand
exploiting multilayerannotations.

1. Introduction

Thereis a proliferationof treebanks,eachwith its own
format and software tools. Examplesinclude the Penn
Treebank,the PragueDependency Treebank,the Susanne
Corpus,and treebanksof German,Spanish,Portuguese,
French,Italian, Turkish, Polish, Bulgarian,Old English,
andtherecentdevelopmentof Korean,ArabicandChinese
treebanks.Eachtreebankis associatedwith toolsfor anno-
tation,search,andrendering.Despitetheobviousbenefits
of interoperability, thetoolsassociatedwith any giventree-
bankrarely escapethe confinesof its own project. More-
over, treebanksbothrequireandinvite multilayercapabili-
ties.Parsersdependontokenizers,taggers,andmorpholog-
ical analyzers.Layersof annotationsuchassensetagging
andnamedentity taggingarebuilt ontopof treebanks.Dis-
fluency tagging,ascombinedwith treebankingin switch-
board,addsanotherlayerof indirectionbetweenparsesand
the surfacestring. In short,necessitydictatesthe integra-
tion of treebanksinto a generalmultilayer annotationsys-
tem,coupledwith thedevelopmentof a logical modeland
correspondingAPI whichaddressthelinguisticdemandsof
treebanking.

Linguistically, the developmentof such a framework
leadsto someinterestingchallenges.Grammarsand the-
oriesof syntaxyield structureswhich stretchthe simplis-
tic notionof treesover surfacestrings(suchasemptycon-
stituents,encodingof deepsyntacticstructure,puredepen-
dency structures,etc). As advancesin informationextrac-
tion andlanguageunderstandingbridgesyntaxandseman-
tics, syntactictreesare growing variousforms of seman-
tic annotation.A casein point is theEnglishPropbank,in
which sentencesareannotatedwith many fine grainedse-
manticrelations(or propositions)whoseargumentsin turn
point to relevantsyntacticsubstructuressuchasindividual
nodesor tracechains. The designanddevelopmentof a
systemwhich aptly addressestheseissuesis certainlynon-
trivial.

In this paperwe examineconvetionalphrasestructure
trees,dependency trees,andsemantictrees.In eachof these
categories,we first survey thedataformatsandeditingop-
erations,outline an abstractAPI for the structuralopera-
tionsinvolved,anddescribeanimplementationwith anno-
tationgraphs.

A variety of treebankformatsandmodelsarecovered
by the survey. Sourcesof this variety are both linguis-
tic and computational. On the linguistic side, languages
may permit a greateror lesserdegreeof word-orderfree-
dom. In somecases,the conventionaltreerepresentation
requirescrossingbranches.This happensto a limited ex-
tent in English, with phenomenasuch as adverbialsand
extraposition. However it is pervasive in languageshav-
ing rich case-markingsystemssuchasCzech. Treebanks
for theselanguagestypically usea dependency represen-
tation insteadof the conventionaltreerepresentation.On
the computationalside, projectsmay have different prior
commitmentsto file formats. The file format may simply
be derived from the original PennTreebankformat, or be
a novel plain text format, or be oneof a variety of possi-
ble XML representations.To a considerableextent, these
formatsareinter-translatable.Anothersourceof variation
is thekind of informationwhich is annotated,andthesur-
vey includessomerecentwork onsemanticannotationand
predicate-argumenttagging.

After reviewing a diversesetof treebankprojects,we
considerthekindsof tree-manipulationoperationsthey re-
quire, leading to an inventory of elementarytree opera-
tions. Theseoperationsmaybecomposedwith eachother
to perform complex tree manipulations. Next, we show
how the operationscanbe implementedin the annotation
graphmodel (Bird and Liberman,2001). This mapping
hasan importantconsequencefor multilayer annotations,
for now treebankscanco-exist with a variety of otheran-
notation types, such as prosodicand discourselevel an-
notations.With all the annotationsexpressedin the same
datamodel,it becomesa straightforwardmatterto investi-
gatetherelationshipsbetweenthevariouslinguistic levels.
Modelingtheinteractionbetweenlinguistic levelsis a cen-
tral concernboth for the study of humancommunicative
interaction,andfor the constructionof naturalisticspoken
languagedialoguesystems.

This inventory of elementarytree operationsleadsto
a new applicationprogramminginterfacefor treebanking,
built on top of the existing annotationgraphAPI which is
implementedin theAnnotationGraphToolkit (?). This im-
plementationwork is ongoing,andwill be releasedunder
anopensourcelicensewith AGTK.



2. Conventional Syntax Trees
2.1. Survey

The PennTreebankwas the first syntacticallyanno-
tatedcorpus,andconsistsof onemillion wordsof manu-
ally parsedtext from theWall StreetJournal(Marcusetal.,
1993).An exampleof theTreebankformatis shown below.

((S (NP-SBJ-1
(NP Yields)
(PP on

(NP money-market mutual funds)))
(VP continued

(S (NP-SBJ *-1)
(VP to

(VP slide)))
,
(PP-LOC amid

(NP signs
(SBAR that

(S (NP-SBJ portfolio managers)
(VP expect

(NP (NP further declines)
(PP-LOC in

(NP interest rates)))))))))
.))

Theemptyconstituents,calledtraces, representvarious
forms of syntacticmovementthat serve to normalizethe
underlyinggrammar. In this examplethereis a trace*-
1, immediatelyprecedingtheinfinitive to slide. This node
is an empty consituentand refersto the phraseYields on
money-marketmutualfunds, asis indicatedby thefactthat
bothnodessharethe-1 label.Themovementof thisnomi-
nalphraseto thenominalpositionin theinfinitival S clause
normalizesthis clauseso that its constituentsareNP fol-
lowedby VP. In thePennTreebank,tracesarealsousedto
indicateWH andotherpronominalmovement.Full details
canbefoundin theannotationguidelines.

The data in the PennTreebankwere createdwith an
Emacsmodecalledparser-mode. The tool parsesfiles of
brackettedtext in variousstagesof thecorpusdevelopment,
starting with output from the automaticparser. Editing
operationsaddfunction tags,relabel,coindex, insert,and
deleteconstituents,andrelocatesubtreesfrom constituent
to constituent.Eachof theseoperationsis associatedwith
ahandfulof constraints,suchaspreservationof thesurface
string. Notably, this constrainton the treeediting opera-
tions leadsto a set of tree editing functionsfor the user
closedunderthe following structuralmanipulations:pro-
motion of a leftmostor rightmostconstituent,insertionof
a constituent,insertion/deletionof emptyconstituents,and
themovementof aconstituentto its right (left, respectively)
sibling’s leftmost(rightmost,respectively) child position.

In therestof thissectionweconsidervariousextensions
to thePennTreebankformat.

TheSwitchboardcorpusof conversationalspeech(God-
frey et al., 1992)waslaterenrichedwith informationabout
breathgroupsand disfluencies(Taylor, 1995). This new
informationis simpleenoughon its own, e.g.:

B.22: Yeah, / no one seems to be adopting it. /
Metric system, [ no one’s very, + F uh, no one wants ]
it at all seems like. /

However, thedisfluency informationwasalsosuperim-
posedonthesyntactictrees,resultingin extremelycomplex
structuressuchasthefollowing:

((S (NP-SBJ-1 no one)
(VP seems

(S (NP-SBJ *-1)
(VP to (VP be (VP adopting (NP it)))))) .

E_S))
((S (NP-TPC Metric system) ,

(S-TPC-1 (EDITED (RM [)
(S (NP-SBJ no one)

(VP ’s (ADJP-PRD-UNF very))) ,
(IP +)) (INTJ uh) ,

(NP-SBJ no one)
(VP wants (RS ]) (NP it) (ADVP at all)))

(NP-SBJ *)
(VP seems (SBAR like (S *T*-1))) . E_S))

This formatdemonstratestheacuteproblemthatarises
whenweattemptto forceonelinguisticstructureinto a for-
matthatwasdesignedfor representingacompletelydiffer-
entkind of structure.

A more conservative extensionof the PennTreebank
formatis theUAM SpanishTreebank(Morenoetal.,2000)
In this format,thetreebanknodelabelshavearecordstruc-
ture:

(S
(NP SUBJ ID-1 SG P3

(ART "<El>" "el" DEF MASCSG)
(N "<Gobierno>" "Gobierno" SG P3))

(VP TENSED PRES IND SG P3
(V "<quiere>" "querer" TENSED PRES IND SG P3)
(CL INFINITIVE OBJ1

(NP * SUBJ REF-1)
(VP UNTENSEDINFINITE

(V "<subir>" "subir" UNTENSEDINFINITE)
(NP OBJ1

(ART "<los>" "el" INDEF MASCPL)
(N "<impuestos>" "impuesto" MASCPL))))))

Emacsis usedfor creatingthestructures,andatreedis-
play tool is usedfor verification.Variousothertoolscheck
for well formedness(e.g. of thenodeattributesandgram-
maticalstructures).

Othertreebanksusethesameconventionalnestedstruc-
ture,but with a differentsyntax.For example,considerthe
following fragmentfrom thePortugueseTreebank[http:

//cgi.portugues.mct.pt/treebank/ ].

<s>
SOURCE: CETEMPblico n=1 sec=clt sem=92b
C1-2 O 7 e Meio um ex-libris da noite algarvia.
A1
STA:fcl
SUBJ:np
=>N:art(M S) O
=H:prop(M S) 7_e_Meio
P:v-fin(PR 3S IND)
SC:np
=>N:art(<arti> M S) um
=H:n(M P) ex-libris
=N<:pp
==H:prp(<sam->) de
==P<:np
===>N:art(<-sam> F S) a
===H:n(F S) noite
===N<:adj(F S) algarvia
.
</s>

Emacsmacrosareusedto edit thedata,with operations
for insertionand deletionof nodesas well as increasing
anddecreasingthe depthof the nodesin the tree. Some
treestructuralconstraintsareenforced:whenever a node’s
depth is increased,so are all of its constituents,and all
nodesmusthavea label.

Finally, XML is now beingusedto representtreebanks.
The simplestandmostdirect way to do this is to useel-
ementnestingto representhierarchy. An exampleof this



useof XML is providedby the FrenchTreebank(Abeille
et al., 2000), and we show a translationbelow. [http:

//treebank.linguist.jussieu.fr/ ].

<S>
<NP>The proportion:NC

<PP>of:P students:NC</PP>
</NP>
<PP>compared to:P

<NP>the population:NC
<PP>of:P

<NP>our:D country:NC</NP>
</PP>

</NP>
</PP>
<PONCT>,:PONCT</PONCT>

[rest of sentence elided]

</S>

It is notablethat thepartof speechlabelsarestructuredby
conventionin theembeddedtext ratherthanby usingXML
markup.

2.2. API

Many conventional tree operations,such as adding,
moving or deletinga subtree,alsomodify thesequenceof
terminals(or leaves).In syntacticannotation,thissequence
is usuallyfixed,sinceit is anexternalartefactwhich is not
subjectto editing. Therefore,we needto provide a com-
pleteinventoryof treeoperationswhichpreservethetermi-
nal string.

Many treebankingprojectsincorporatea preprocessing
phase,whichmaycreatesomelow-level constituents(such
asnounphrasechunking)or maycreateanentireparseof
the sentence.Therefore,the inventoryof tree operations
mustbecapableof reorganizingthestructureof anexisting
tree,not just building a treefrom scratch.

In thissectionwedefineaninventoryof elementarytree
operationswhich preserve theterminalstringandwhich is
sufficiently expressive to permit any well-formed phrase-
structuretreeto bebuilt over theterminalstring,beginning
eitherfrom anunparsedstringor from a previously parsed
string. The inventoryis inspiredby thevariousoperations
thatareprovidedby existing treeannotationtools.Wecon-
sideronly thoseoperationswhich modify the structureof
a tree(asopposedto theoperationsfor modifying nodela-
bels).

Eachoperationrequiresa tree
�

alongwith a selected
node� . We write

���
for thetree

�
orientedat node� .

move down ����� � �
	 This createsa new node �� in thepo-
sition formerly occupiedby � , andmakes � the sole
child of �� . The new node �� is an unlabelednon-
terminalsymbol. For example,underthis operation,
thetreeon theleft becomesthetreeon theright:

A

B C D

A

B �
C

D

move up ��
�� ��� 	 This appliesonly if � hasno siblings,
deleting �� , theparentof � . Node � now occupiesthe
formerpositionof �� .

A

B C

C� D

A

B C� D

promote right ����� ��� 	 This appliesonly if � hasat least
one sibling, but no siblings to its right. Node � is
movedup to the positionimmediatelyto the right of
its parent �� .

A

B

C D

A

B

C

D

promote left ����� � �
	 mirror imageoperationof � � � � �
	 .
demote right ����� � ��	 This appliesonly if � hasa sibling

to the right �� � , and �� � is a non-terminal.Node � be-
comestheleftmostchild of �� � .

A

B C

D

A

C

B D

demote left ����� � �
	 mirror imageoperationof ����� � ��	
All operationspreserve the orientationof the tree; the

selectednode remainsselectedafter the operation. Ob-
serve that all operationshave inverses: � � 
�� ��� 	�� ���

;��� � � ��� 	�� ���
; � ��� � ��� 	�� ���

. All of theseoperations
preserve the order of the terminal string, and all are ele-
mentaryasnonecanbeexpressedasa combinationof any
others.

More complex operationscanbe built from theseele-
mentaryoperations.For instance,in a particularuserinter-
face,it maybepossiblefor auserto selectasetof contigu-
ousterminalsandandnon-terminals,andgroupthemunder
anew non-terminal:

A

B C D

A

B �
C D

This can be done with a sequenceof operations:����� ��� 	 � ����� ��! 	
. Thisis ageneralizedmove down opera-

tion, for which thereis ancorrespondinggeneralizedmove
up.

Notethatthereis anotherpair of elementaryoperations
notdiscussedabove,thatcouldbecalledtrace-insertionand
trace-deletion.Theseinvolvethecreation/deletionof azero
width elementin theterminalsequence(or equivalently, of
a “non-terminal”whichdominatesno terminal).

2.3. Implementation

Bird andLibermanhavedevelopedamodelfor express-
ing thelogical structureof linguistic annotations,andhave
demonstratedthat it canencodea greatvarietyof existing



annotationtypes(Bird andLiberman,2001). An annota-
tion graphis a directedacyclic graphwhereedgesare la-
beledwith fielded records,andnodesare (optionally) la-
beledwith time offsets. The model is implementedin the
AnnotationGraphToolkit and usedas the basisfor sev-
eralannotationtools,includingonefor editingconventional
syntaxtrees(?; Bird et al., 2002).

Annotationgraphscanmosteasilybeusedto represent
treesusingtheso-called“chartconstruction,” in whicheach
treenodeis mappedto anannotationgrapharc. An exam-
ple treeandits correspondingannotationgraphareshown
below:

A

B C
� " #$% &' � � &' �

Thisapproachhastwo shortcomings.First, in thesitua-
tion whereanon-terminalhasasinglechild, theannotation
graphis ambiguous.Thus,the following two simpletrees
havethesameannotationgraphrepresentation:

A

B

B

A
� " ()% * + �

The secondshortcomingis that the annotationgraphrep-
resentationcannotexpressdiscontinuousconstituency (i.e.
treesthatcontaincrossinglines).

Both problemscanbe addressedby usingequivalence
classesor crossreferences(Bird andLiberman,2001).We
depicttherelationbetweena child arcandits parentusing
a dottedarrow, asshown below. While this is partly redun-
dant,it involvesminimaloverhead.

�
" ,-% &' � � &' �. / 01

Theelementarytreeoperationsthatwediscussedabove
cannow beimplementeddirectly in termsof theannotation
graphmodel. We begin with somedefinitions. Let 2 .start
(resp.2 .end)bethestart(resp.end)anchorof annotation2 .
Let �2 be 2 ’s parent(undefinedif 2 hasno parent).Define2 ’s right sibling asfollows:�� 2 �4345 if 576 start

� 2 6 end
� �2 � �5

undefined otherwise

Annotationgrapharcsaretyped,andour implementa-
tion requirestwo types,namely“word” for word arcs(the
orthographicstring), and “phrasal” for the phrasalarcs.
Now we candefinethe above tree operationsin termsof
annotationgraphs.

move down Giventhearc 2 , inserta new coterminousarc
whichbecomestheparentof 2 .� 8 &'

9:;=<�> �
�@? &' �

A BCEDGF
A B � 8 &'

9:;=<�> �
�@? &'H IJ �

A BCEDGFA BA B

promote right Move a rightmostchild to theright, out of
the subtree; 2 ’s parent( 5 ) becomes2 ’s left sibling.
Notethat 5 mustbea phrasalarc.

� 8 &'
KLMONQP �

� ?RRRR . /RRRR01 � 8NNNN ST NNNN KLMUNVP �
� ?RRRR . /RRRR

demote right Moveasubtreeright, to becometheleftmost
daughter;2 ’s right sibling 5 becomes2 ’s parent.Note
that 5 mustbeaphrasalarc.� ?NNNN ST NNNN �

� 8RRRR . /RRRRXWZY[ R]\ � 8 &'?NNNN ST NNNN �
� WZY[ R]\. /

Observe thatnoneof theseoperationsalter thecontent
or arrangementof theword arcs.

3. Dependency Treebanks
Dependency grammaris anapproachto syntacticrepre-

sentationin whichwordsareorganizedinto ahierarchyus-
ing abinary“dependency” relation.Dependency treespose
adifferentsetof challengesfor representationandmanipu-
lation,asdiscussedin this section.

3.1. Survey

TheTurin UniversityTreebank(Boscoetal.,2000)pro-
videsanexampleof a puredependency structure,showing
a binary relation betweenthe words. The treebankcon-
sistsof 500 sentences,availablefrom [http://www.di.

unito.it/˜tutreeb/ ]. A samplefollows

1 E’ (ESSERE VERB MAIN IND PRES INTRANS 3 SING) [0;TOP-
VERB]
2 italiano (ITALIANO ADJ QUALIF M SING) [1;PREDCOMPL-
SUBJ]
3 , (# PUNCT) [1;OPEN-PARENTHETICAL]
4 come (COME CONJ SUBORDMOD+TEMPO)[1;PREPMOD]
5 progetto (PROGETTONOUNCOMMONM SING) [4;PREPARG]
6 e (E CONJ COORD) [5;COORD]
7 realizzazione (REALIZZAZIONE NOUNCOMMONF SING REAL-
IZZARE TRANS) [6;COORD-2ND]
8 , (# PUNCT) [1;CLOSE-PARENTHETICAL]
9 il (IL ART DEF M SING) [1;SUBJ]
10 primo (PRIMO ADJ ORDIN M SING) [11;ADJCMOD-ORDIN]
11 porto (PORTO NOUNCOMMONM SING) [9;NBAR]
12 turistico (TURISTICO ADJ QUALIF M SING) [11;ADJCMOD-
QUALIF]
13 dell’ (DI PREP MONO) [11;PREPMOD-LOC-SPEC]
13.1 dell’ (LA ART DEF F SING) [13;PREPARG]
14 Albania (|Albania| NOUNPROPER) [13.1;NBAR]

This format consistsof: the index of the word in the
sentence;theword; parenthesescontainingthe lemmaand
its morphosyntacticfeatures;bracketscontaininga refer-
enceto the parentof this dependentand the nameof the
grammaticalrelation.

The PragueDependency Treebank(PDT) (Hajičová,
2000) is a corpuswith threedistinct layersof annotation
– morphological,analytic(syntactic),andtectogrammatial.
We won’t addressthe morphologicalannotationin order
to focus on more tree and treelike structures. Both an-
alytic and tectogrammaticalstructuresare representedas
hybrid dependency trees,mixing a puredependency rela-
tion over thewordswith a minimumof constituents.This
representationis indicative of the underlying grammati-
cal theory, functional generative grammar. As the cor-
pus usesan extensive tagsetand views annotationsvia a
specialtool, we refer the readerto the url above for data



samples. PDT has an online tree viewer available (see
[http://shadow.ms.mff.cuni.cz/pdt/ ]).

Theeditorfor theanalyticlevel restrictstheuserto op-
erationsthatmaintaina well formeddependency treewith
constituentnodesmixed in. In accordancewith the rela-
tively freeword orderin Czech,thetool allows movement
of subtreesto arbitrarynodes,alongwith the creationand
deletionof constituents.

Furtherdiscussionof the tectogrammaticalannotation
is deferredto section̂ 4.

TheTIGER Projectusesa modelintermediatebetween
conventional treesand dependency trees, representedin
XML (MengelandLezius,2000). The dependency struc-
tureis representedasacollectionof nodes(n elements)and
words(welements)connectedusingedge s.1 A simplified
versionis shown below:

<n id="n1_500" cat="S">
<edge href="#id(w1)"/>
<edge href="#id(w2)"/>

</n>

<w id="w1" word="the"/>
<w id="w2" word="boy"/>

This formatcanrepresentarbitrarydigraphs.Thelinear
orderingof the childrenof any given nodeis represented
by the file orderof the correspondingelements(or by the
internalstructureof nodeidentifiers).

An importantpropertyof this format is its extensibil-
ity. For instance,edgescan be typed (with an attribute
type , and coreferenceis marked using edgeshaving
type="semantic" . Edgescanalsobelabeledwith the
grammaticalrole of their dependent(e.g. label="HD"
for theheaddaughter).

3.2. API

An API for the structuralediting of pure dependency
treesis remarkablysimple. We startwith anarbitraryroot
node,and make all the words dependentupon this node.
Fromthis point, we cancreateany dependency relationby
iterative applicationof a single move subtree operation,
which takesa sourcenodeotherthantheroot anda target
nodeandmakesonedependentupontheother. Thus,after
an annotatoridentifiesa singledependency, we mayseea
treeasfollows.

Tree 1 Root

w _ w ` w a
w b

Sincethe word order is free, it may be that w _ is de-
pendanton w a . To accomodatefor this, we caneither let
thebranchesof thetreecrossandretaintheterminalorder,
or we canrearrangetheterminalordersothatthebranches
don’t cross. After move subtree is appliedto sourcew _
andtargetw a , we wouldattainthefollowing tree

1A moreabstractversionof thesameideais describedby Ide
andRomary(2000).

Tree 2 Root

w ` w a
w _ w b

But some systemsmay use an underlying grammar
which mixespuredependency structureanda constituent
basedapproach,asis found in thePDT. Suchanapproach
allows the insertionof constituentnodes,equivalentto the
move down operationdescribedfor basictreesin ^ 2.2.

Tree 3 Root

w _ w ` C

w b w a
Suchaconstituentmaytheninteractwith theothersjust

like the pure dependency nodesassociatedwith a single
word. For example,after two move subtree operations,
wemayendup with thefollowing.

Tree 4 Root

w ` C

w b
w _ w a

A userinterfacemayfacilitateadelete commandwhich
takes all the children of a proper constituentnode and
movesthemto theparentof thedeletednode,deletingthe
resultingemptyconstituent.

Tree 5 Root

w ` w b
w _ w a

3.3. AG Implementation

To implementeditabledependency treeswith annota-
tion graphs,we begin by defining a root nodeas an arc
whichspansthelengthof thesentence.As with basictrees,
eachnodein this treehasa parentpointerwhich by default
pointsto the root. The primary editing operationis move
subtree, which takes a tree and two distinguishednodes
(w _ andw ` ), settingtheparentof w _ to w ` . Thisoperation
is sufficiently expressiveto defineany structuraleditingop-
erationon apuredependency tree.

Below we show a simple AG implementationof the
editingoperationmove subtree with sourcew _ andtarget
w a .
� w1

&'
c

de� w2
&' � w3

&' � w4
&' �

f g hZi
jk

lm
Tree 1



� w1
&'

c
de� w2

&' � w3
&' � w4

&' �de
hZi

jk
lm

Tree 2

For hybrid systemswhich allow constituents,we want
to constrainthe lengthof the constituentarcsasmuchas
possible.In spiteof thefact thatsettingthelengthof these
arcsto a constantwould reduceoverhead,we take this ap-
proachin anticipationthat thequasi-orderingover annota-
tions will provide a moresubstantialbasisfor layeredan-
notationthanfollowing pointers.

We proceedby superimposingthe implementationof
move up andmove down directly on top of this andex-
tend the definition of move subtree so that it works on
arbitraryconstituentsandmaintainsa well formedhybrid
structure.We have developedan algorithmfor this which
requirestheability to distinguishbetweenwordsandproper
constituentsaswell asbetweenproperconstituentsandthe
rootnode.Weaccomplishthissimplyby checkingthetype
of thearcsinvolved.Weillustratetheseextensionsshowing
annotationgraphrepresentationsof treesn and o below.

� w1
&'

c
de� w2

&' � w3
&'� jk � w4

&' �
f g hZi

A B
pqrs

Tree 3

� w1
&'

c
de� w2

&' � w3
&' � tu� w4

&' �de
hZi vZw xyz{

Tree 4

4. Treebanks and Semantic Trees
4.1. Survey

While many semanticrelationsare describedin tree-
banks,predicateargumentstructureremainsthemostcom-
monly andsystematicallyexplored. Eachtreebankformu-
latessomeschemato representthe argumentstructureof
clausalverbs,and indeedthis information is to someex-
tent explicit in the parseitself. To completethe picture,
the nodesof the parsetreeareoften decoratedwith labels
denotingmoreabstractrelations. In somecases,an entire
extra level of annotationis suppliedseparatelyin a paral-
lel corpus,asin the PragueDependency Treebank(PDT).
In this sectionwe cataloga variety of predicateargument
schemas,observingcommonalities,andexploring require-
mentsinherentin capturingpredicateargumentstructures
with treebanks.

The SusanneCorpus,developedas a by-productof a
parsingschemafor unambiguoussyntacticannotation,pro-
videsperspicuouscoverageof predicateargumentstructure
of clausalverbs.It decoratesnodeswith a varietyof func-
tion tags,thoughit restrictstheir usageto immediatecon-
stituentsof clauses.

[Nns:s John] expected [Nns:O999 Mary] [Ti:o [s999 GHOST]
to admit [Ni:o it]]

The example above is similar to the PennTreebank
example in that it requires coindexed nodes, but un-
like the English Propbank,it doesnot use referencesto
syntacticnodes. The complexity of predicateargument
well-formednessconstraintstogether with a close cou-
pling of syntacticand argumentrelationsare noteworthy
by-productsof embeddingtheserelationsin the syntactic
schema.

Weexaminethetectogrammaticallevel of annotationin
thePDT, asit representsamoreabstractlinguisticstructure
closelyrelatedto predicateargumentstructure.Thesetrees
areof the hybrid dependency variety describedin ^ 3. The
tectogrammaticaldependency treesareroughly parallelto
theanalyticonesandtheir structureis derivedby deleting
andaddingnodesto theanalytictrees.Spuriouselementsof
thesurfacestringareremovedanddroppedargumentsare
added.While theseoperationsproducethestructureof the
tree,edgelabelssuchasactor, patient, addressee, location
denotesemanticrolesandmodifiers.

The PennTreebankusesattributesof phraselabelsin
conjunctionwith grammaticalrelationsto describepred-
icate argumentstructure. In the examplebelow, the last
nominalphraseis decoratedwith a LGS tag denotinglog-
ical subject. The syntacticenvironment indicatesthe re-
mainingpartsof theargumentstructure,with theheadverb
taking the role of the predicateand the precedingnoun
phrasetakingon therole of directobject.

(S
(NP-SBJ (PRP they) )
(VP (VBP attribute)

(NP (-NONE- *T*-1) )
(ADVP-MNR (RB directly) )
(PP-CLR (TO to)

(NP
(NP (NNS forces) )
(VP (VBN controlled)

(NP (-NONE- *) )
(PP (IN by)

(NP-LGS (NNP PLO) (NNP Chairman)
(NNP Yasser) (NNP Arafat))))))))

Algorithmsfor extractingpredicateargumentstructure,
even from such rich syntactic data, are faced with nu-
merouscomplexities andambiguities.For example,ghost
constituentswithout explicit referentsshouldbe resolved,
disjoint constituentsmay form arguments,prepositional
phrasesmay or may not constitutearguments,and this
information tends to be lexicalized over the predicates
(PalmerandRosenzweig,2001).

As a next step,theEnglishPropbankis underdevelop-
ment,usingthepredicateargumenttaggermentionedabove
andhand-correctingthe output. The exampleof this data
below shows that the entire argumentrelation is explic-
itly marked. Note that the argumentlabel ARG1implic-
itly refersto specificsyntacticnodesratherthanthesurface
string,in thiscaseresolvingthepassive trace.

... they attribute directly to forces con-
trolled by PLO Chairman Yasser Arafat .

rel: controlled
ARG1: *trace* -> forces
ARG0-by: PLO Chairman Yasser Arafat

Additionally, the constituentsof a particularargument
maybedisjointastheutteranceargumentof asentencelike



"I’m going home", John said, "so I can get some sleep".

rel: said
ARG0: John
ARG1: [I’m going home] [so I can get some sleep]

Phrasalpredicates,suchas give up, are almostnever
dominatedby asinglenode,andsoaretreatedsimilarly.

Another sourceof variation occurswith conjunctions
over morethanoneargument. For example,the sentence
below yieldstwo propositions.

John drove Mary to the store and Mike home

rel: drove
Arg0: John
Arg1: Mary
Arg2-to: the store

rel: drove
Arg0: John
Arg1: Mike
Arg2: home

In the English propbank,we witnessargumentstruc-
tureusingreferencesto syntacticannotation,aoneto many
relation from argumentsto constituents(also vice versa),
andthe markingof sentence-localequivalencesto resolve
grammaticalmotion.

In conclusion,capturingpredicateargumentstructure
is of definite interestin the developmentof treebanks.In
all the casesexamined,an extra level of indirectionfrom
the syntacticstructureis required. The EnglishPropbank
makesuseof explicit referencesto syntacticconstituents,
the SusanneCorpusemploys highly structureddecoration
of nodes,inducing relationsbetweenthe nodes,and the
PDT utilizesdifferencesagainstthesyntacticstructure,re-
placing analytic with semanticfunctions and recovering
droppedargumentsasnecessary.

4.2. API

As predicateargumentstructurehasquite variedtreat-
ment,we’ll look at bothargumentstructureastreatedwith
thePennTreebankandargumentstructureasin thePrague
Dependency Treebank.However, wewill restrictourselves
to working with predicateargumentdataasderived from
syntacticdataratherthanasderived from scratchin order
to bestaddresstheextanttaggingefforts in this domain.

In thecaseof theEnglishPropbank,theoperationsare
not editing operationson treesper se, but operationson
relationsbetweenconstituentsin a giventree.For eachin-
stanceof a predicatein someparsedtext, we cancharac-
terizea propositionasa o -tupleconsistingof thepredicate,
its argumentspredicate,its modifiers,andan equivalence
relationover thenodesin theparsetree. Eachof theargu-
mentsor modifiersconsistsof a labelanda nonemptyset
of constituents,denotingits surfacestring content. While
thissetof constituentsis oftensingleton,any non-singleton
setof constituentsrepresentsa surfacestring which is not
dominatedby a singlenode(this occurswith phrasalverbs
andoftenwith the utteranceargumentin verbsof saying).
Theequivalencerelationover the nodesof theparseserve
to recover droppedarguments(asoccurswith emptycon-
stituents)andsentence-localantecedentsof pronouns.The
caseof conjunctionswhoseconjunctsarenotdominatedby
a singlesyntacticnodeis handledby associatingmultiple

propositionswith the instanceof the predicate(or lemma)
athand.

The editing operationsfor the annotationprocesscon-
sist of associatingargument labels (e.g. arg0 . . .argN)
with constituentsand identifying equivalent nodesof the
parse. For example,annotatingthe argumentstructureof
the predicateswim on the parsetree below (with nodes
identified in termsof their leftmost terminal numberand
height)wouldyield asinglepropositionwhosepredicateis| �}n ��~�	 � , whoseargumentsconsistof

| ������� ~
� | ��� ��~�	 ��	�� ,
whose modifiers are � , and whose equivalences are| �=��� ��~�	 � � ~���~�	=	 � .

S(0,1)

NP-1(0,0)

John

VP(1,0)

wants S(2,1)

NP(2,0)

*-1

VP(3,0)

to swim

In the PDT tectogrammaticalannotation,the operations
arestructurallysimilar to thoseof the analyticannotation,
except that droppedargumentsare addedto the structure
andwordscanbedeleted.Wedeferaddressingtheseissues
for futurework.

4.3. Semantic Implementation

Wedescribeanimplementationof propbankannotation
with annotationgraphs.Givenanannotationgraphparseof
a basictreeasdescribedin ^ 2.3.,we first definethe pred-
icating lemmaover a set of constituentsas an arc whose
startpoint is theminimumof thestartpointsof theassoci-
atedconstituentsandwhoseendpoint is the maximumof
theendpointsof theassociatedconstituents.For example,
if thesentenceis��� John �G� belongs �G� to �G� the ��� club �G�
and � �

is anannotationgraphanchor, andour predicating
lemmais belongsto, thenthearcdefiningourpredicatewill
startat ��` andendat ��a . Justaspointerswereaddedfor
basictreeconstituents,weaddsetsof pointersto thisarcto
the constituentscontainingbelongand to. This arc getsa
labelindicatingthatit is thepredicatinglabel,saypred .

Theargumentsandmodifiersof thelemmaaredenoted
similarly, with anappropriatelabelfor theitemin question.
Theend-productis diagrammedbelow:

�
John

&'Arg0 �� � belongs
&' pred jk� to

&' �
the

&' Arg1 ,-�
club

&' ��� �� �� �� tu ¡ 9:
Finally, wespecifytheconstituentequivalencesby not-

ing all the non singletonequivalenceclasseswhosemem-
bersareamongthoseassociatedwith a label.

5. Discussion and Further Work
Treebankformatsandassociatedsoftwaretoolsarepro-

liferatingrapidly, with little considerationfor interoperabil-
ity. We havesurveyeda widevarietyof treebankstructures



andoperations,andshown how they canbe mappedonto
theannotationgraphmodel.Thishastwo importantramifi-
cations,distinguishingourwork from previouswork. First,
thefalsedichotomybetweenconventionaltreesanddepen-
dency treesgoesaway; bothtypesalongwith hybrid struc-
turescanberepresentedin a uniform framework. Second,
asinglecomprehensiveframework is usedfor bothtreeand
non-treeannotations,an integrationthat greatly facilitates
multilayerqueries.

Several aspectsof the survey and the analysisare in-
complete,and we list just three areashere. First, there
is anotherclassof treebanksusedfor grammardevelop-
ment,usuallyconsistingof hand-craftedsentencesillustrat-
ing a particularlinguistic phenomenon.Eachsentenceis
associatedwith the correctanalysis,expressedin a partic-
ular syntacticformalismsuchasHPSG(PollardandSag,
1994). An exampleof this kind of corpusis the HPSG
Treebankfor Polish (Marciniak et al., 2000). Represent-
ing suchtreebanksusingannotationgraphswould require
amoreexpressivemodelof arclabelsthanis currentlyper-
mitted(namelyattribute-valuematrices).

A secondopenquestionis in the areaof bidirection-
ality. Texts may involve a mixture of directionality, such
asan Arabic text containingstretchesof English. In such
texts, thereis no longera transparentrelationshipbetween
thesequenceof orthographicwordsandtheirsequencein a
spokenutterance;thelinguistic representationneedsto en-
compassbothorderingssomehow, eventhoughannotation
graphsforceusto chooseoneof theorderingsasprimary.

A third areafor furtherinvestigationis query. Now that
the annotationsare all expressedin the sameframework,
how dowewantto expressqueriesovertheannotations?A
rangeof treequerylanguageshave beenproposed,asdis-
cussedby ?). It is highly unlikely thata singletreequery
languagewill ever meet the requirementsof all research
projects. Instead,we plan to investigatea numberof tree
querylanguagesandtheir mappingto a low-level annota-
tion graphquery language,suchas the one proposedby
Bird et al. (2000).

In this article we have surveyed treebanks,examining
their dataformatsandediting operations.We have found
that theexisting treebankmodelsdo not accomodateover-
layed annotationvery well. We have developedabstract
APIs for treebankingoperationswhich encompassthe re-
quirementsof conventional trees,dependency trees,and
evenpredicateargumentstructure.We havedescribedhow
theseAPIs may be directly implementedusingannotation
graphs.Thisfacilitatesmulti-layeredannotationsandlever-
agesthearrayof annotationtypesthatarealreadysupported
by theannotationgraphmodel.
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