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ABSTRACT
Linguistic researchandlanguagetechnologydevelopmentemploy
large repositoriesof orderedtrees. XML, a standardorderedtree
model,andXPath, its associatedlanguage,arenaturalchoicesfor
linguistic data storageand queries. However, several important
expressive featuresrequiredfor linguistic queriesare missing in
XPath. In this paper, we motivate and illustrate thesefeatures
with a variety of linguistic queries.Thenwe defineextensionsto
XPath which supportlinguistic treequeries,anddescribean effi-
cientqueryenginebasedona novel labelingscheme.Experiments
demonstratethat our languageis not only sufficiently expressive
for linguistic treesbut alsoefficient for practicalusage.

1. INTRODUCTION
Large repositoriesof text andspeechdataareroutinely collected,
curated,annotated,and analyzedas part of the task of develop-
ing andevaluatingnew languagetechnologies.Thesetechnologies
includeinformationextraction,questionanswering,machinetrans-
lation,andsoforth. Linguisticdatabasesmaycontainuptoabillion
words,alongwith annotationsat the levels of phonetics,prosody,
orthography, syntax,dialog,andgesture.For instance,PennTree-
bank containsa million words of manuallyparsedtext from the
Wall StreetJournal[15]. TheSwitchboardcorpuscontains���
	��
�
recordedandtranscribedtelephoneconversations,somewith pho-
netic,prosodic,syntacticanddisfluency annotations[11].

Linguisticdatabasesconsistof time-seriesdata(e.g.textsor record-
ings)which representsa linguistic artifact,alongwith hierarchical
annotations. The relationshipbetweenthe primary data and its
annotationsis shown schematicallyin Figure1. Notethatthetrees
areordered:siblingsaresequencedby virtueof thelinearordering
of thetime-seriesdata.

Despitethe considerableeffort expendedon developinglinguistic
querylanguages(see[12] for a survey), no onehassystematically
investigatedtheir efficiency. As the datagrows and the analysis
tasksbecomemorecomplex, scalabilityhasbecomea critical fac-
tor.

In general,the designof a query languagemust balanceexpres-
sivenessand efficiency. First, it shouldexpress,as naturally as
possible,the queriesthat the usercommunityneeds. Second,it
shouldbeoptimizable,supportingqueryrewriting, executionplan-
ning and index selection. The goal of this work is to develop a
querylanguagefor linguisticdatawhichcanexpressabroadrange
of linguistic queriesandwhich canbe implementedefficiently by
exploiting thematuretechnologyof relationaldatabases.
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Figure1: Linguistic Annotation: Structur edCoding of Extents
of Time-SeriesData (e.g. Character Data, Audio Data)

Dueto therelianceonanorderedtreemodel,anaturalcandidatefor
representingandqueryinglinguistic datais XML togetherwith its
associatedstandardquery languages:XPath [8] andXQuery [4].
XPath andXQuery supportvertical navigationsof a tree: parent,
ancestor, child anddescendant,andcertainhorizontalnavigations:
following andpreceding.However, several horizontalnavigation
axes,importantto linguistic queries,arelacking. It turnsout that
thosehorizontal navigations not only have practical application
in linguistic queries,but also have interestingtheoreticalconse-
quencesfor treemodels.AugmentingXPathwith thesehorizontal
navigationsmakesthe XPath axis setsymmetricbetweenvertical
andhorizontalnavigations.

The contributions and organizationof this paperare as follows.
First, in section2 we describea new variety of semistructured
data,linguistic treebanks.We analyzethe datamodelandquery
requirements,andintroduceaworkingexample.Next, in section3,
weproposeanexpressiveandintuitivelinguisticquerylanguageby
extendingtheXPath1.0syntax.Thenew language,LPath, supports
both vertical andhorizontaltreenavigationsin a symmetricway.
In section4 we describea novel labelingschemewhich supports
efficient horizontalandvertical treenavigations. Given this lan-
guageandlabelingscheme,we areableto translateLPathqueries
into SQL queries,andleveragerelationaldatabasetechnologyfor
queryexecution,in section5. The LPath queryenginehasbeen
implementedandtestedagainstseveral linguistic queryenginesas
well asan XPathqueryengine.Theproposedapproachperforms
well on various dataand query sets. We believe that our work
hasimplicationsfor XPathdesignandevaluationbeyondlinguistic
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Figure2: TreeRepresentation

applications.Section6 concludesthepaperwith a summaryanda
discussionof futureresearch.

2. DATA MODEL AND QUERY REQUIRE-
MENTS

A commondata model for linguistic annotationsis an ordered
labeledtree, for example,PennTreebank[15]. Figure 2 shows
the treerepresentationof a parsedsentence.Here the immutable
terminalsarethewordsin thesentencecomprisingthefringeof the
tree,while the linguistic analysisis an orderedtreebuilt over the
terminals.Non-terminalnodesareannotationsof sequencesof ter-
minal nodesor of othernon-terminals.For instance,thenodeNP�
(nounphrase)is anannotationof annotationsDet� , Adj andN ��! ,
denotingthat ‘a determiner, anadjective anda nountogethercom-
posea nounphrase.’ The terminalsof a linguistic treearelinearly
ordered;this orderinginducesanorderingon thenon-terminals.

Large-scaleempirical linguistics involvessearchingandcollating
treedata. We have compileda representative sampleof linguistic
treequeriesbelow, andgiven their resultsagainstthe tree in Fig-
ure2.

# � Find a sentencecontainingthewordsaw: $ S�&%# � Find noun phrasesthat immediatelyfollow a verb: $ NP� ,
NP�'% (bothnodesimmediatelyfollow V � )# � Find nounsthat follow a verb which is a child of a verb
phrase:$ N ��! , N � � , N �"�(% (all threefollow V� )# � Within averbphrase,find nounsthatfollow averbwhichis a
child of thegivenverbphrase:$ N ��! , N � � % (within VP� , N ��!
andN � � follow V� )# � Find nounphraseswhich are the rightmostchild of a verb
phrase:$ NP� %# � Find nounphraseswhich arethe rightmostdescendantof a
verbphrase:$ NP� , NP���&% (botharedescendantsof VP� , and
no otherdescendantsof VP� follow them)# � Find all verb phrasesthat arecomprisedof a verb, a noun
phrase,andaprepositionalphrase:$ VP�(% (VP� is comprised
of V� , NP� andPP��� )

S ) NPVP (NP) I sawtheold manPP��� today
VP ) V NP(NP) I V� Det� Adj N ��! PP��� today
NP ) NPPP I V� NP� PP��� today
NP ) Det Adj

�
N I V� NP� today

PP ) PrepNP I VP today

(a) CFG Productions (b) SomeProper Analyses

Figure3: CFG and its Proper Analyses

Therearethreekey featuresof linguisticqueryrequirements,which
we will illustratethroughthesamplequeries.

Node navigation. Linguistic treesneedto be navigatedin both
verticalandhorizontaldirections.To process

# � which looksfor a
sentencewith theword saw, we startfrom nodeswith a tagS, and
navigatedown in theirsubtreesto find if therearedescendantswith
anattributewhosenameis lex andwhosevalueis saw. This query
demonstratesthat linguistic treesneedto be navigatedvertically
via hierarchicalrelationships,suchaschild, descendant,parentor
ancestorrelationships.

# � searchesfor nounphrasesthat immediatelyfollow a verb. Let
usunderstandthe“immediatelyfollow” relationshipin syntaxtree
first. We will definetherelationshipin thegeneralcasein thenext
section.

Traditionally, this relationshiphasbeenunderstoodwith respectto
thecontext-freegrammar(CFG)whichlicensestrees.Forexample,
the tree in Figure2 is a derivation treeof the context-treegram-
marwith productionrulesin Figure3(a). We canapplygrammar
productionsin reverseto a sentencein orderto get sequences,or
“properanalyses”[7]. For example,Figure3(b)showssomeproper
analysesof thesentenceI sawtheold manwith a dog todaywith
respectto thegrammarin Figure3(a).

We say that a node * immediatelyfollows anothernode + in a
linguistic tree if and only if * appearsimmediatelyafter + in
someproperanalysisaccordingto theproductionsof thegrammar.
Accordingto thesampleproperanalysesin Figure3(b), we know
thatV� is immediatelyfollowedby NP� , NP� andDet� , andthere-
forewe candeterminethatNP� andNP� aretheresultsof

# � .
Now consider

# � , which involvesa “follow” relationship.We say
thatanode* followsanothernode+ if andonly if * appearsafter+ in someproperanalysis.In our example,N ��! , N � � andN �"� all
follow V� .
As shown in

# � , # � and
# � , linguistic queriesinvolve nodenav-

igations in two dimensions: vertical and horizontal. Theseare
commonlyreferredby linguistsasdominanceandprecedence.

Subtreescoping. Nodenavigationsometimesneedsto bescoped
within asubtree.Comparedwith

# � , # � searchesfor nounswhich
follow a verb within a verb phrase.For example,considera verb
V� andthe threenounswhich follow it, N ��! , N � � , andN �"� . Since
N �"� is outsidetheverbphraseVP� , it doesnotsatisfythequery.

Edge alignment. Linguists are often interestedin constraining
the positionof a constituentto be leftmost or rightmostwithin a
particularsubtree.Query

# � illustratesthis for a child node,while# � is moregeneral.ObservethatNP� andNP��� arebothrightmost
within VP� .



# � is a frequently-usedcomplex query. It introducesanother
importantnotion:asequenceof nodescomprisessomehigher-level
node. This notion arisesfrom the grammarproductionrulesand
properanalyses.For example,given a properanalysis I V� NP�
PP��� todayin Figure3(b),wecanapplytheproductionruleNP )
NP PP in reverseto get anotherproperanalysis I ,-� NP� today.
Furthermore,applyingtheproductionrule VP ) V NP in reverse
on the resultingproperanalysis,we get I VP� today. From the
analyses,we canseethat thesequenceof nodesV� , NP� , PP��� is
derived from VP� accordingto productionrules. Accordingly we
saythatV� , NP� andPP��� compriseVP� . Similarly, we saythat
V� andNP� compriseVP� .
After studyingthe requirementsof linguistic queries,we find that
XPath can not express

# � , # � and
# � , sinceit can not express

certainhorizontalnavigationsor subtreescoping.To addressthese
requirements,we proposea linguistic tree language,LPath, as
describedin thenext section.

3. LPATH: A PATH LANGUAGE FOR LIN-
GUISTIC TREES

In this sectionwe proposea path languagefor linguistic trees:
LPath, extending XPath. We choseXPath as the basisof our
languagegiven the focus on locating nodesin a tree insteadof
transformingandconstructingtrees.Mostof theadditionalfeatures
of XQuery, suchas nodeconstruction,iterations,joins and type
checkingarenot required. Second,comparedto XQuery, XPath
hasbeenbetterstudiedwithin thedatabasecommunityin termsof
expressivenessandefficiency [10,14]. Also variousevaluationand
optimizationtechniquesfor XPathhave beenproposed[5, 6, 13].
We startby presentingthe axesof LPath which representhow to
navigatefrom a givennodeto a nodesetin a tree.Thenwe define
thegrammarof LPathusingaxesasbuilding blocksandillustrate
it using the samplequeries. Finally we compareLPath with the
functionsin XPathandXQuery.

3.1 NodeNavigation Axes
Sinceannotationtreesare two-dimensional,hierarchicalobjects,
a linguistic query requirestwo typesof nodenavigation, vertical
and horizontal,as explainedin section2. LPath allows vertical
navigationto retrieve childrenandparents,andtheir transitive clo-
sures,descendantsandancestors,usingaxes. Sincetheseaxesare
well-known andalreadydefinedin XPath,we do not discussthem
further.

LPathsupportssibling navigation to retrieve the immediatelyfol-
lowing sibling, immediatelyprecedingsibling, and the transitive
closures,following siblingandprecedingsibling,usingaxes.Note
that the immediatelyfollowing sibling andimmediatelypreceding
siblingarenot supportedby XPath.

LPath alsosupportshorizontalnavigation to retrieve immediately
following nodes.Recallfrom section2 thatwe definetheimmedi-
atefollowing relationshipbetweennodesusing“proper analyses”
of syntaxtrees.In fact,this relationshipis generallyusefulfor any
annotationtreeswhich do not correspondto context freegrammar.
Now we will generalizeimmediatelyfollows asfollows:

Definition 3.1: Let . �0/�/1/ .32 beanorderedsequenceof terminals
and 4 be an annotationtreebuilt over the sequence.The set of
nodesretrievedby applying immediatelyfollowing axis to node *
in 4 containsall nodes + in 4 , suchthat the leftmost terminal

Table 1: LPath Navigation Axes
Vertical Navigation
/ child
// descendant(/ 5 )

descendant-or-self (/
�
)

\ parent
\\ ancestor(\ 5 )

ancestor-or-self (\
�
)

Horizontal Navigation
- > immediate-following
- - > following (- > 5 )

following-or-self (- >
�
)

<- immediate-preceding
<- - preceding(<- 5 )

preceding-or-self (<-
�
)

Sibling Navigation
=> immediate-following-sibling
==> following-sibling(=> 5 )

following-sibling-or-self (=>
�
)

<= immediate-preceding-sibling
<== preceding-sibling(<= 5 )

preceding-sibling-or-self (<=
�
)

Other Axes
. self
@ attribute

namespace

in + ’s subtreeis immediatelyafter the rightmostterminal in * ’s
subtree.Schematically:

*
67 88

8 +
9: ; ; ;

;
.<� /�/1/ .3= . = 5 � /�/�/ . 2

Notice that the immediatelyfollowing relationshipbetweentwo
nodesis definedby referring to the terminal sequence.It is not
hardto seethat for syntaxtrees,theabove definition is equivalent
to theonedefinedbasedon“properanalyses”sincethedescendant
terminalsof anodecanbederivedfrom thatnodeusingproduction
rulesin syntaxtrees.

As pointed out by [14], XPath cannotexpressthe immediately
following axis. Instead,it is necessaryto employ ageneralpurpose
programminglanguageto implement this algorithm. However,
both definitionsgiven so far lead to inefficient implementations.
In the next sectionwe define a labeling schemewhich permits
following nodesto be found in a singlestep. Next we definethe
following axis.

Definition 3.2: Let .<� /�/�/ .3> beanorderedsequenceof terminals
and 4 be an annotationtree built over the sequence.The setof
nodesretrievedby applyingfollowingaxisto node* in 4 contains
all nodes+ in 4 , suchthat the leftmostterminalin + ’s subtreeis
aftertherightmostterminalin * ’s subtree.

Notice that this definition of following is equivalent to the one
definedin XPath: applying following axis to a node * obtains



P ::= AP | AP ‘ ? ’ P ‘ @ ’
AP ::= | S AP
S ::= A T | A T ‘[’ R ‘]’
A ::= ‘/’ | ‘//’ | ‘.’ | ‘\’ | ‘\\’

| <= | => | <== | ==>
| <- | -> | <-- | -->

T ::= Qname | _ | ‘@’ Qname C Qname
R ::= R ‘or’ R | R ‘and’ R | ‘not’ R | ‘(’ R ‘)’

| P | P C ‘"’ Qname ‘"’
C ::= ‘=’ | ‘<=’ | ‘>=’ | ‘<>’ | ‘like’

P: Pathexpression;AP: AbsolutePathexpression;S:Step,A: Axis;T: Tag;
R: Restriction(predicate)

Figure4: The Grammar of LPath

all nodesin thesamedocumentas * thatareafter * in document
order, excluding * ’sdescendantsandexcludingattributenodesand
namespacenodes. In contrastwith the definition of following in
XPath, which usesdocumentorder, we definethis and all other
axesonaunifieddatamodel.Wedefinetheinverseaxes,immediate
precedesandprecedes,in theobviousway.

To retrieve nodesother than elements,we also define the axes
attributeandnamespace.

A summaryof theseLPathaxes,their syntacticabbreviations,and
the relationshipsbetweenthem,is given in Table1. Note that the
axesin vertical, horizontalandsibling directionaredefinedsym-
metrically, eachof which hasa primitive versionandits transitive
closure.Wealsoallow ‘or-self’ versionsof theprimitive axes.1

3.2 LPath Grammar
We presentthegrammarfor LPath in Figure4. A pathexpressionA

is an absolutepathoptionally followed by a scopedpath. The
absolutepath expressionsB A are composedof steps C . A step
consistsof an axis B , a tag test 4 , andan optionalrestriction(or
predicate) D . The axis B representsthe navigationsperformed
betweennodes,definedin Table1. The tag test 4 canbea string
equalitytestor a wildcard ‘ ’ which matchesany tag. 2 D is the
restrictionsintroducedby ‘[]’ to filter a nodeset.For eachnodein
the setto be filtered, D is evaluatedwith that nodeasthe context
node. The restrictionis a logical expressioncomposedof oneor
moresub-expressions,connectedby ‘and’, ‘or’ and‘not’.

Subtreescoping. We introducecurly bracesinto the languageto
permitsubtreescopesto beexpressed3. Thesewill forceall node
navigation to be constrainedto a subtree.When‘ $ ’ occursafter
a query node * , all the axes between‘ $ ’ and ‘ % ’ are evaluated
within the XML subtreerooted at the XML node matching * .
For example,consider

# � which is a scopedversionof
# � . # �

can be expressedas //VP/V- - >N, and we can add the subtree
scoperestrictionfor VP nodesasrequiredfor

# � as follows: //

VP{/V- - >N} . ConsidertheXML treein Figure2: althoughN �"� is

1Wearenotawareof linguisticusecasesfor the‘or-self’ variantsof
theaxeswhicharepartof XPath,but includethemto becompatible
with XPath. In the ensuingdiscussion,we will omit the ‘or-self’
versions.
2Insteadof using E to denotea wildcardto matchany tagnameas
definedin XPathspecification,weuse aswildcardand E to denote
transitive closurein this paper.
3Notethatthecurly bracesusedhereis differentastheoneusedin
XSLT for attributevaluetemplates.

a following nodefor V� in thewholetree,it is outsidethescopeof
VP� ’s subtreeandsoit is not partof theresultfor

# � .4
Edge Alignment. Linguistic queriesneedto refer to nodesat the
leftmostor rightmostedgeof thesubtreerootedata specifiednode
(e.g.

# � and
# � ). It turnsout that we could usepredicateswith

the following or precedingaxesto specifythata givennodeis the
rightmostor leftmostnode. For example,to express

# � , we can
write anLPathquery//VP{/NP}[not< - - _] .

Sinceedgealignmentis usedextensively in linguistic queries,we
introducesyntacticsugarF to force left-alignment,and G to force
right-alignment. (Thesechoicesare motivated by the syntaxof
popularregularexpressionlanguages.)Theseoperatorsaredefined
as follows: ˆA = A[not< - - _] ; A$ = A[not- - >_] . Accord-
ingly,

# � canbe expressedas: //VP{/NP$} . Often F and G are
usedtogetherwith subtreescopingto align nodeswithin a subtree
insteadof thewholetree.5

3.3 LPath Examples
Now thatwe have discussedthesyntaxof theproposedlanguage,
let usconsiderhow it canbeusedto representthesamplelinguistic
queriesfrom section1.

# � Find asentencecontainingthewordsaw.
//S[//_[@lex=saw]# � Find nounphrasesthatareimmediatelyfollowing a verb.
//V- >NP# � Find nounsthat follow a verb which is a child of a verb
phrase.
//VP/V- - >N# � Within a verbphrase,find nounsthatfollow a verbwhich is
a child of thegivenverbphrase.
//VP{/V- - >N} — comparedto

# � , # � restrictsthefollow-
ing axisnavigationwithin thescopeof thenounphrase.# � Find nounphraseswhich are the rightmostchild of a verb
phrase.
//VP{/NP$} — the$ operatoris usedto align thematchto
therightmostchild of a verbphrase.# � Findnounphraseswhicharerightmostdescendantsof averb
phrase.
//VP{//NP$}# � Find verbphrasescomprisedof a verb,a nounphrase,anda
prepositionalphrase.
//VP[{//ˆV- >NP- >PP$}] — notice that we require the
ability to scope,expressleft andright alignmentandimme-
diatefollowing. As shown in thequery, F forces , to align
to the left edgeof VP, and G forcesPP to align to the right
edge.

3.4 Discussion
We have introducedLPath and comparedit with XPath without
functions. We can employ a user-defined function to express
the immediatelyfollowing navigation. An interestingquestionis
whetherwe shouldexpresstheextendednavigationaxesof LPath
4Subtreescopecouldbeexpressedusingvariablebindingsasused
in XQuery. We define scopeexplicitly rather than use variable
bindings,sinceit is a specialcaseof variablebinding,andenables
efficient evaluationtechniquescomparingwith generaltechniques
requiredfor variablebindings.Wereferthereadersto section5 for
moredetails.
5A moreefficient evaluationfor F and G is givenin section5.



asuserdefinedfunctionsin XPath/XQueryor definethemasnew
axes.We want to expressthesenodenavigationsasfirst-classciti-
zensin atreequerylanguagefor threereasons.First, functionsand
axes play distinct roles in a tree language:axesdefinethe types
of nodenavigationsin a tree,while functionsusuallycomplement
the languagewith certainqualifiersthat filter the nodeset. It is
naturalto expressthe nodenavigation relationshipsasaxes. Sec-
ond,horizontalnodenavigationis acommontypeof navigationfor
linguistic queries,andit is crucial that they areimplementedeffi-
ciently. Finally, horizontalnavigationfills a gapin theXPathaxis
set. The XPath axis set includestransitive horizontalnavigations
(follows, precedes)without defining the primitives (immediate-
follows, immediateprecedes).On theotherhand,it includesboth
primitives and transitive closuresfor vertical navigations. It is
naturalto addhorizontalprimitivesasaxesto achieve ‘symmetry’
betweenverticalandhorizontalnavigationsusedin a tree.

Anotherquestionrelatedto functionsis whetheror notedgealign-
ment in LPath can be expressedusing the position function in
XPath. The alignmentof a child nodewith the left or right edge
of its parentcanbe expressedby positionfunction in XPath. For
example,

# � can be expressed//VP/_[last()][self::NP] .
However, XPath cannotdescribemoredeeplynestedalignments,
as requiredfor

# � . A putative XPath equivalent is: //VP//_
[last()][self::NP] . However, thisXPathexpressionevaluates
to H on the treein Figure2, while

# � evaluatesto $ NP� , NP��� % .
The key differenceis that F and G aresensitive to nodeorder in
anXML tree,while theXPathpositionfunctionconsidersa node’s
positionin thesequenceobtainedfrom subqueryevaluation,losing
thestructuralinformationfrom theoriginalXML tree.

4. LABELING SCHEME
Weproposeaninterval-basedlabelingschemeto capturethestruc-
tureof linguistic treesanddetectrelationshipsbetweentreenodes
with respectto LPathaxessimplyby inspectingtheir labels.

Thelabelingschemeis basedon thefollowing observationsfor an
orderedtreewithout unarybranching(that is, eachinnernodehas
at leasttwo children).

1. Let * be a nodein a treewith a leaf sequence.<� /�/'/ .3> ,
wheretheleaf descendantsof * are . =I/�/�/ .KJ , LNMPOQMSRTM* . Define UWVYXZ*K[\*^]`_a[\O���R�] .

2. Let * and+ betwo nodesin thetree,andsupposeUWVYXZ*`[\*^]`_[cb > �
d > ] , and UWVYXZ*K[\+e]<_f[cbhgi��d(g<] . Then * is an ancestor
of + if andonly if bh>jMkb g and d(>mlkd g .

3. Node * immediatelyfollows + if andonly if b > _Pd(gonPL .
4. Node * follows + if andonly if bp>mqrd g .

If we encodethe order information of eachnode’s leftmost and
rightmostleaf descendantsaslabels,we candeterminetheances-
tor, descendant,immediatepreceding,immediate-following, pre-
ceding,andfollowing relationshipsof any two nodesdirectly.

For a treewith unarybranching,it is possiblethatnode * andits
descendant+ have the sameleftmostandrightmostleaf descen-
dants,andthereforetheir ancestor-descendantrelationshipcannot
bedeterminedby this informationalone.To solvethisproblem,we
encodenodedepth.Thisdepthinformationcanalsobeusedto dis-
tinguishtheparent-childrelationshipfrom theancestor-descendant
relationship.

Table 2: Axesand Their Corr espondingLabel Comparisons
Vertical Navigation
child(sTtWu ) u^v w\x3yzsmv {�w\x
descendant(sTt
u ) sTv |-}~u^v |\t�sTv ����u^v ��tcsmv x<��u^v x
parent(smt�u ) sTv w\x�yzu�v {Zw�x
ancestor(smt�u ) sTv |-�~u^v |\t�sTv ��}�u^v ��tcsmv x<��u^v x
Horizontal Navigation
immediate-following(smt1u ) sTv |Iy�u^v �
following(smt
u ) sTv |-}~u^v �
immediate-preceding(smt1u ) sTv �3y�u^v |
preceding(smt
u ) sTv ���eu^v |
Sibling Navigation
immediate-following-sibling(sjt�u ) sTv |Iy�u^v ��t�smv {�w\x3yzu^v {�w\x
following-sibling(smt1u ) sTv |-}~u^v ��t�smv {�w\x3yzu^v {�w\x
immediate-preceding-sibling(sTt�u ) sTv �3y�u^v |\t"smv {�w\x3yzu^v {�w\x
preceding-sibling(smt1u ) sTv ���eu^v |\t"smv {�w\x3yzu^v {�w\x
Others
attribute(sTt
u ) sTv w\x�yzu�v w\x�t"smv uY�(si� beginswith @

To test the sibling relationshipof nodes * and + , we needto
checkwhetherthey sharethe sameparent. To expeditesibling
navigations,which arefrequentin linguistic queries,we assignid
andpid to eachnodein the tree,whereid andpid arethe unique
identifier of a nodeandits parentnode,respectively. We alsouse
the tag or attribute nameof a nodeto distinguishelementnodes
from attributenodes.We cannow formalizethelabelingscheme.6

Definition 4.1: The labeling schemeassignseachnodea tuple�
left, right, depth,id, pid, nameq , shortenedas

�
l, r, d, id, pid,

nameq , in thefollowing fashion:

1. Let * betheleftmostleaf element.Thenassign*�� b^_�L .
2. Let * bea leaf element.Thenassign*�� d�_P*�� b�nPL .
3. Let + and * beconsecutive leafelementswhere+ is on the

left. Thenassign+�� d = *�� b .
4. Let * beanon-terminalelementwhichhasasequenceof leaf

descendantsin order: +��'�����1����+~� . Thenassign*�� b�_�+��1� b
and *�� d�_P+ � � d .

5. For eachelement* , let *`� � bethedepthof * , wheretheroot
hasa depthof L .

6. For eachelement* , assigna nonzeroOc� asits uniqueidenti-
fier ( _��0[cb"�
d
����] where � is a Skolemfunction).

7. For eachelement* , assign*�� VYOc� to be * ’s parentelement
identifier;if * is theroot,assign*`� VYOc��_�� .

8. For eachattribute X associatedwith anelement* , assignthe
same

�
l, r, d, id, pid q as * to X .

9. For eachelement* , let *�� *�XZ+e� be the tagnameof * . For
eachattribute X , let X-� *�XZ+�� betheattributenameof X .

Table2 shows how to determinetheLPathaxisrelationshipof any
two nodesby inspectingtheir labels.7

Example 4.1: Figure5 shows the labelsof thesampleannotation
treein Figure2, wherethe id attribute in the table 4 corresponds

6This definition caneasilybeextendedto multiple treesby intro-
ducingtreeidentifiers.
7Extensionsto reflexive versionsof the axes are easyand are
omitted here. For example, descendent-or-self(+��
* ) = +�� b�l*�� b"�
+�� deMa*�� d
�
+�� ��la*�� � . The labelsof nodesin a treecanbe
constructedin asingle-passusingdepth-firsttraversal.Thelabeling
schemeis relatedto thedatamodelof annotationgraphs[3, 2].



left right depth id pid name value
1 10 1 2 1 S
1 2 2 3 2 NP
1 2 2 3 2 @lex I
2 9 2 4 2 VP
2 3 3 5 4 V
2 3 3 5 4 @lex saw
3 9 3 6 4 NP
3 6 4 7 6 NP
3 4 5 8 7 Det
3 4 5 8 7 @lex the����������
Figure5: Relational Representation4

to the nodeids in Figure2. ConsidernodeNP� : it haslabel l=3,
r =9, d =3. We detectthatnodeS� with label l=1, r =10, d =1 is
anancestorof NP� sinceS� .l M NP� .l, S� .r l NP� .r, andS� .d �
NP� .d accordingto Table2. Furthermore,nodeV� with label l=2,
r = 3, d =3 immediatelyprecedesNP� sinceNP� .l = V� .r.
5. LPATH QUERY EVALUATION SYSTEM
As discussedin section1, thetwo key featuresof a goodlanguage
areexpressivenessandefficiency. We have discussedthe expres-
sivenessof the proposedlanguagewith respectto the linguistic
queryrequirementsin section3; herewe will focuson efficiency.

5.1 Query SystemRequirements
As for the query language,thereare a seriesof requirementsto
considerfor the query system. Theserequirementsmotivate our
decisionto implementthesystemon topof a databaseengine.

Client-Server Model. Linguistic data is typically developedin
the courseof linguistic researchand languagetechnologydevel-
opment. Over time, major laboratoriesconstructor acquirean
extensive collectionof thisdata,eachstoredona centralfile server
in its own physical format and eachwith accompanying tools.
Researchsponsorsoften fund thecreationof linguistic datawhich
arepublishedanddistributedwidely. Researcherstypically create
derivedversionsof thisdata,losingprovenanceinformation.Many
researchmethodologieswould be greatlysimplified if theselarge
collectionswerestoredonserversandaccessedremotelyby clients
usingaquerymechanismwhichselectstherequireddataandtrans-
formsit into therequiredstructure.Insteadof storingderiveddata,
it would oftensuffice to storethequerywhich generatedit. Thus,
thesystemshouldsupportinteractionwith non-localdata.

Concurrent Access.Many annotationtasksrequirethecollabora-
tion of multiplehumanandautomaticagents:parsersdoafirst-pass
analysis,linguists correctthe mechanicallyparseddata,supervi-
sorsimplementqualitycontrols,andexternalexpertssupplyhighly
specializedannotations.Eachtime a new category of error is dis-
covered,updatesmustbe performedacrossthe database.Further
checksmustbeperformedonnewly updateddata,possiblyby peo-
ple in differentphysicallocations. Any systemneedsto support
concurrentaccessto a sharedcopy of thedata.

Integration. Linguistic data usually contain substantialtabular
datain additionto trees,includingspeaker demographicsandlex-
icons. We would like to be able to join our linguistic query
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Figure6: The SystemAr chitecture

expressionswith queriesover theseauxiliary tables.For instance,
for the Switchboarddatabase,a linguist might want to restrict a
queryto treesover dataprovided by femalespeakersof southern
US Englishaged20-30(usingthedemographictable),andwhich
containwordsthat have sibilants(i.e. ’s’ and’sh’ sounds)which
mustfoundusingthepronunciationtablesinceits notobviousfrom
spelling(e.g. facecontainsthes sound,andnationcontainsthesh
sound). Furthermore,linguistsoften want to work within a sub-
collection definedby a query. All further work is then qualified
by thatquery. Both of theseneedscanbemet by a systemwhich
supportsjoinsover arbitrarily complex queries.

Size.Usinga highperformancenaturallanguageparserit is possi-
bletoprocesstext ontheweb,andpermittreequeriesoverwebdata
[16]. For suchapplications,the datawill not fit in main memory.
Thusthesystemmustsupportefficient queriesover datastoredon
disk.

Optimization. Givenlimited resourcesfor systemdevelopment,it
is importantto beableto exploit existing optimizations.Thusit is
desirableto build thesystemon top of a systemwhich doesall of
thestandardstorageandqueryoptimizations.

5.2 SystemAr chitecture
To addresstheserequirements,we have developeda queryengine
on top of a relationaldatabaseengine.TheLPathqueryevaluation
systemexploits the labelingschemepresentedin section4. It is
composedof threemodules:dataloader, querytranslatorandquery
engine.Thedataloaderparsestheinputlinguistictrees,generatesa
labelfor eachnode,andstoresthelabelsinto a relationaldatabase.
The querytranslatortranslatesan input LPathqueryon treesinto
an SQL queryon tablesin accordancewith the labelingscheme.
We usea commercialrelationaldatabaseasthequeryengine.The
architectureof our LPathqueryprocessingsystemis presentedin
Figure6.

5.3 SystemDescription
Thedataloadergeneratesa tuple

�
left, right, depth,id, pid, name,

valueq for eachnodein a tree,andstoresit into a relationaltable.
For example,Figure5 shows partof therelationgeneratedfor the
sampleannotationtreein Figure2. Indexesarebuilt on thetableto
facilitatesearches.

Now we will discussthequerytranslatorwhich convertsanLPath
query to an SQL querybasedon the labeling scheme.After we
storethelabelsinto a table 4 , eachLPathaxis in thequerycanbe



evaluatedasa join over 4 , wherethejoin conditionsinvolve label
comparisonsï asshown in Table2.

WhentranslatingLPathqueriesweneedto handlethesubtreescop-
ing restrictionsexpressedusing {} . Sincescopescan be nested,
we usea stackto keeptrackof them. Whenwe encountera node+ followed by a { , we save + ’s label which definesthe current
scopeon the stack,andrequirethat any node * appearinginside
thescopemustbeboundedby + , i.e. +�� b`M�*�� b , *�� dðM�+�� d , and*�� ��q�+�� � . Oncethecorresponding} is met,we popthecurrent
scopefrom thestack.

Thedetailsof thequerytranslationalgorithmcanbefoundat [1].

Example5.1: //NP{//Adj- - >N} (
# � ) is translatedto thefollow-

ing SQLquery. Thesubtreescopeconstraintrequiresthatthenodes
of tagN mustbedescendantsof anodeNP, andthis is implemented
by theconditionsin bold.

select l l3, r r3, d d3, l2, r2, d2, l1, r1, d1
from T,

( select l l2, r r2, d d2, l1, r1, d1 from T,
( select l l1, r r1, d d1 from T

where T.name = ’NP’) T1
where T.name = ’Adj’ and T.l >= l1 and

T.r <= r1 and T.d > d1) T2
where T.name = ’N’ and T.l >= r2 and

T.l >= l1 and T.r <= r1 and T.d > d1

To translatean LPathquerywith predicatesto an SQL query, we
usethe techniquesin [9]. When a predicateis met, we add the
keyword EXISTS to the WHERE clause. The logical operators
and, or in LPathpredicatesaredirectly mappedto keywordsAND,
ORin SQL.OperatorNOT canbetranslatedusingNOT EXISTSin
theSQLwhereclause.Thekey differenceto themappingproposed
in [9] is thatwe alsoinitialize theprocessingscopefor expressions
in thepredicatesto bethecurrentscope.

As anoptimization,ratherthanprocessinĝ and$ directlyaccord-
ing to theirdefinitions,wecanevaluatetheseconstraintsefficiently
accordingto the following observation. A node * is therightmost
descendantof node + if and only if * is a descendantof + , *
and + sharethesamerightmostleaf descendant.Accordingto the
labelingscheme,* and + sharethesamerightmostleafdescendant
if and only if +�� d = *`� d . Combining this with the strategy to
evaluatethe descendantaxis, we cancheck$ by checkinglabels
as follows. Let 4�ñ be the relation at the top of the scopestack
whichdefinesthecurrentscope.̂ A will betranslatedto conditions43� *�XZ+e�ò_óB , 4�� bK_�4 ñ � b and 43� ��q�4 ñ � � . Similarly, A$ will be
translatedto 43� *�X�+��<_�B , 43� dô_r4 ñ � d and 4�� �mqo4 ñ � � .
Example 5.2: The query //VP{//NP$} (

# � ) is translatedto the
following SQL query. The alignment$ is implementedby the
conditionin bold.

select l l2, r r2, d d2, l1, r1, d1 from T,
( select l l1, r r1, d d1 from T

where T.name = ’VP’) T1
where T.name = ’NP’ and T.l >= l1 and

T.r = r1 and T.d > d1

6. CONCLUSIONS AND FUTURE WORK
We have addressedtheproblemof defininganexpressive andeffi-
cientlanguagefor linguisticqueries.Our language,LPath,extends
theXPathlanguageby introducinghorizontalnavigationprimitives
andsubtreescoping,andexpressingedgealignmentnaturally. We
review eachof thesein turn. First, several new axesareproposed
for horizontalnavigation: immediate-following (- >), immediate-
following-sibling(=>), immediate-preceding(<- ), andimmediate-
preceding-sibling(<=). These“horizontal” axesarenot supported
by XPath,even thoughtheir closuresaresupported.Onceadded,
thereis anaturalsymmetrybetweenhorizontalandtheverticalaxes
(cf. Table1). Second,subtreescopingis introducedusing{} .

Finally, operatorŝ and$ areusedto expressedgealignmentnatu-
rally. Whenusedin conjunctionwith {} , theseforce thespecified
nodeto bealignedto theleft or right edgeof thesubtree.

For efficientevaluationof LPathqueries,wehaveproposedalabel-
ing schemewhich supportsboth horizontal and vertical naviga-
tions.Basedonthelabelingscheme,weproposedarelationalstor-
agefor linguistic treedata,anddesigneda querytranslatorwhich
convertsLPathqueriesto SQL queries.

Webelieve thiswork hasimplicationsfor XPathdesignandimple-
mentationbeyond linguistics. First, we found that several impor-
tant node navigations are not supportedby XPath, presumably
becausethesenavigationsarenot requriedin currentapplications.
However, as XML is a standarddata format representinga tree
model, and XPath is its standardlanguage,it is beneficial for
XPath to supportthesenavigationsin order to supportwider sci-
entific applications. Furthermore,from a theoreticalperspective,
by includingtheseprimitivehorizotalnavigationsin XPath,theset
of XPathaxesfor horizontalnavigation would be symmetric,just
as the vertical navigation are, leadingto an elegant inventory of
axes.

Theevaluationof LPathqueriesemploys a novel labelingscheme
which is alsousefulfor XPathqueryprocessing.It is aninteresting
alternative to existingXPathqueryevaluationtechniques.

In ongoingresearch,we areinvestigatingtheexpressivenessof the
language.For instance,we would like to supportsimplekinds of
path closures(e.g. (- >NP)* ); as well as querying “overlapping
trees” arising from multiple linguistic annotationsover the same
primarydata.Finally, we planto extendLPathwith updateopera-
tions,permittinglocal rearrangementsof linguistic trees,andfacil-
itating thecurationof linguistic data.
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