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ABSTRACT

Linguistic researchandlanguageechnologydevelopmentemploy
large repositorieof orderedtrees. XML, a standardorderedtree
model,and XPath, its associatedanguageare naturalchoicesfor
linguistic data storageand queries. However, several important
expressie featuresrequiredfor linguistic queriesare missingin
XPath. In this paper we motivate and illustrate thesefeatures
with a variety of linguistic queries. Thenwe defineextensionsto
XPath which supportlinguistic tree queries,and describean effi-
cientqueryenginebasedn a novel labelingschemeExperiments
demonstratahat our languageis not only suficiently expressie
for linguistic treesbut alsoefficient for practicalusage.

1. INTRODUCTION

Large repositoriesof text and speectdataare routinely collected,
curated,annotatedand analyzedas part of the task of develop-
ing andevaluatingnew languagedechnologiesThesetechnologies
includeinformationextraction,questioransweringmachinetrans-
lation,andsoforth. Linguistic databasesaycontainupto abillion
words, alongwith annotationsat the levels of phoneticsprosody
orthographysyntax,dialog, andgesture.For instancePennTree-
bank containsa million words of manually parsedtext from the
Wall StreetJournal[15]. The Switchboardcorpuscontains2, 400
recordedandtranscribedelephonecorversationssomewith pho-
netic, prosodic syntacticanddisfluengy annotationg11].

Linguisticdatabasesonsisiof time-serieslata(e.g.textsor record-
ings)which represents linguistic artifact, alongwith hierarchical
annotations. The relationshipbetweenthe primary dataand its

annotationss shavn schematicallyin Figurel. Notethatthetrees
areordered:siblingsaresequencedy virtue of thelinearordering
of thetime-serieslata.

Despitethe considerableffort expendedon developinglinguistic
querylanguagegsee[12] for asurey), noonehassystematically
investigatedtheir efficiengy. As the datagrows and the analysis
tasksbecomemorecomple, scalabilityhasbecomea critical fac-
tor.

In general,the designof a query languagemustbalanceexpres-
sivenessand efficiengy. First, it should express,as naturally as
possible,the queriesthat the usercommunity needs. Second,it

shouldbe optimizable supportingqueryrewriting, executionplan-
ning and index selection. The goal of this work is to develop a
querylanguagdor linguistic datawhich canexpressabroadrange
of linguistic queriesandwhich canbe implementecefficiently by

exploiting the maturetechnologyof relationaldatabases.

SENTENCE
ANNOTATION ///////\
NOUN PHRASE VERB PHRASE

CHARACTER T il
STREAM [AnEnEEREERENRERRERRERERRERERENREERENRERREREERERRERRERRRERRERRERERRERREnEa)
AUDIO
STREAM

L | L |

INTONATIONAL PHRASE INTONATIONAL PHRASE
ANNOTATION ~

UTTERANCE

Figure 1: Linguistic Annotation: Structur ed Coding of Extents
of Time-SeriesData (e.g Character Data, Audio Data)

Duetotherelianceonanorderedreemodel,anaturalcandidatdor

representingindqueryinglinguistic datais XML togethermwith its

associategtandardyuery languagesXPath [8] and XQuery [4].

XPath and XQuery supportvertical navigationsof a tree: parent,
ancestarchild anddescendantindcertainhorizontalnavigations:
following and preceding. However, several horizontalnavigation
axes,importantto linguistic queries,arelacking. It turnsout that
those horizontal navigations not only have practical application
in linguistic queries,but also have interestingtheoreticalconse-
guencesor treemodels.AugmentingXPathwith thesehorizontal
navigationsmalkesthe 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 datamodeland query
requirementsandintroduceaworking example.Next, in section3,
we proposeanexpressie andintuitive linguistic querylanguageoy
extendingthe XPath1.0syntax. Thenew languagel_Path, supports
both vertical and horizontaltree navigationsin a symmetricway.
In section4 we describea novel labeling schemewhich supports
efficient horizontaland vertical tree navigations. Given this lan-
guageandlabelingschemeywe areableto translatel Path queries
into SQL queries,andleveragerelationaldatabaséechnologyfor
query execution,in section5. The LPath query enginehasbeen
implementedandtestedagainstseveral linguistic queryenginesas
well asan XPath queryengine. The proposedapproactperforms
well on various dataand query sets. We believe that our work
hasimplicationsfor XPathdesignandevaluationbeyondlinguistic
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applications.Section6 concludeghe paperwith a summaryanda
discussiorof futureresearch.

2. DATA MODEL AND QUERY REQUIRE-
MENTS

A commondata model for linguistic annotationsis an ordered
labeledtree, for example, PennTreebank[15]. Figure 2 shaws

the treerepresentationf a parsedsentence .Here the immutable
terminalsarethewordsin thesentenceomprisingthefringe of the
tree, while the linguistic analysisis an orderedtree built over the
terminals.Non-terminalnodesareannotation®f sequencesf ter-

minal nodesor of othernon-terminals For instancethe nodeNP;

(nounphrase)s anannotatiorof annotation®ets, Adjo andNio ,

denotingthat‘a determineranadjective anda nountogethercom-
posea nounphrasé. Theterminalsof alinguistic treearelinearly
orderedthis orderinginducesan orderingon the non-terminals.

Large-scaleempirical linguisticsinvolves searchingand collating
treedata. We have compileda representatie sampleof linguistic
tree queriesbelov, and given their resultsagainstthe treein Fig-
ure2.

@1 Findasentenceontainingthewordsaw {S;}

@2» Find noun phraseshatimmediatelyfollow a verb: {NPs,
NP7} (bothnodesmmediatelyfollow V)

@3 Find nounsthat follow a verb which is a child of a verb
phrase:{Nio, Nis, N17} (all threefollow Vs)

@4 Within averbphrasefind nounsthatfollow averbwhichis a
child of thegivenverbphrase{Niqg, N15} (within VP4, N1o
andN;s follow Vs)

@5 Find noun phraseswhich are the rightmostchild of a verb
phrase{NPs}

Qs Find nounphrasesvhich are the rightmostdescendantf a
verbphrase{NPs, NP13} (botharedescendantsf VP4, and
no otherdescendantsf VP4 follow them)

@~ Find all verb phraseghat are comprisedof a verb, a noun
phraseandaprepositionaphrase{VP4} (VP4 is comprised
of Vs, NP7 andPPn)

S — NPVP(NP) | | sawtheold manPP;; today
VP —» V NP(NP) | V5 Detg Ad]g Nio PPi1 today
NP — NPPP I Vs NP7 PPy, today
NP — DetAdj* N I Vs NPs today
PP — PrepNP | VP today

(a) CFG Productions (b) SomeProper Analyses

Figure 3: CFG and its Proper Analyses

Therearethreekey featureof linguisticqueryrequirementsyhich
we will illustratethroughthe samplequeries.

Node navigation. Linguistic treesneedto be navigatedin both
verticalandhorizontaldirections.To processQ: whichlooksfor a
sentenceavith theword saw we startfrom nodeswith atagS and
navigatedown in their subtreego find if therearedescendantaith
anattributewhosenameis lex andwhosevalueis saw This query
demonstrateshat linguistic treesneedto be navigated vertically
via hierarchicalrelationshipssuchaschild, descendanparentor
ancestorelationships.

Q2 searchesor nounphraseghatimmediatelyfollow averh Let
usunderstandhe “immediatelyfollow” relationshipin syntaxtree
first. We will definetherelationshipin the generalcasein the next
section.

Traditionally, this relationshiphasbeenunderstoodvith respecto

thecontet-freegrammatCFG)whichlicensedrees.For example,
the treein Figure 2 is a derivation tree of the context-tree gram-
mar with productionrulesin Figure3(a). We canapply grammar
productionsin reverseto a sentencen orderto get sequencespr

“properanalyses]7]. For example Figure3(b)shavs someproper
analysesf the sentenceé sawthe old manwith a dog todaywith

respecto thegrammaiin Figure3(a).

We say that a noden immediatelyfollows anothernodem in a
linguistic tree if and only if n appearsmmediately after m in
someproperanalysisaccordingto the productionsof thegrammar
Accordingto the sampleproperanalysesn Figure 3(b), we know
thatVs is immediatelyfollowed by NPs, NP; andDets, andthere-
fore we candeterminghatNPs andNP; aretheresultsof Q.

Now considerQs, which involvesa “follow” relationship.We say
thatanoden followsanothemodem if andonly if n appearsfter
m in someproperanalysis.In our example,Nio, Ni5 andN;7 all
follow V5.

As shavn in Q1, @2 andQs, linguistic queriesinvolve nodenav-
igationsin two dimensions: vertical and horizontal. Theseare
commonlyreferredby linguistsasdominanceandprecedence.

Subtreescoping Nodenavigation sometimesieedso be scoped
within asubtree Comparedvith Qs, Q4 searche$or nounswhich
follow a verb within a verb phrase.For example,considera verb
Vs andthe threenounswhich follow it, N1g, N1s, andNy7. Since
N7 is outsidetheverbphraseVP,, it doesnot satisfythequery

Edge alignment. Linguists are often interestedin constraining
the position of a constituentto be leftmostor rightmostwithin a

particularsubtree Query@s illustratesthis for a child node,while

Qe is moregeneral ObsenethatNPs andNP; 3 arebothrightmost
within VP;.



Q7 is a frequently-usedcomplex query It introducesanother
importantnotion: asequencef nodescomprisesomehigherlevel

node. This notion arisesfrom the grammarproductionrules and
properanalyses.For example,given a properanalysis | Vs NP7

PP todayin Figure3(b), we canapplytheproductionrule NP —

NP PP in reverseto getanotherproperanalysis | Vs NPs today.

Furthermoreapplyingthe productionrule VP — V NP in reverse
on the resulting properanalysis,we get| VP4 today From the
analysesye canseethatthe sequencef nodesVs, NP7, PPy is

derived from VP4 accordingto productionrules. Accordingly we

saythatVs, NP; andPP;; compriseVPs. Similarly, we saythat
Vs andNPs compriseVP;.

After studyingthe requirementf linguistic queries we find that
XPath cannot express@2, Q4+ and @7, sinceit can not express
certainhorizontalnavigationsor subtreescoping.To addresshese
requirementswe proposea linguistic tree language,LPath, as
describedn the next section.

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

In this sectionwe proposea path languagefor linguistic trees:
LPath, extending XPath. We chose XPath as the basis of our

languagegiven the focus on locating nodesin a tree insteadof

transformingandconstructingrees.Mostof theadditionalfeatures
of XQuery suchas nodeconstruction,iterations,joins and type

checkingare not required. Second,comparedo XQuery, XPath

hasbeenbetterstudiedwithin the databaseommunityin termsof

expressienesandefficiengy [10, 14]. Also variousevaluationand
optimizationtechniquegor XPath have beenproposed5, 6, 13].

We startby presentinghe axesof LPath which representiow to

navigatefrom a givennodeto a nodesetin atree. Thenwe define
the grammarof LPath usingaxesasbuilding blocksandillustrate
it usingthe samplequeries. Finally we compareLPath with the

functionsin XPathandXQuery.

3.1 NodeNavigation Axes

Since annotationtreesare two-dimensional hierarchicalobjects,
a linguistic queryrequirestwo typesof nodenavigation, vertical
and horizontal, as explainedin section2. LPath allows vertical
navigationto retrieve childrenandparentsandtheir transitive clo-
suresdescendantandancestorsysingaxes. Sincetheseaxesare
well-knowvn andalreadydefinedin XPath,we do not discusgshem
further

LPath supportssibling navigation to retrieve the immediatelyfol-
lowing sibling, immediatelyprecedingsibling, and the transitve
closuresfollowing sibling andprecedingsibling, usingaxes. Note
thatthe immediatelyfollowing sibling andimmediatelypreceding
sibling arenot supportedy XPath.

LPath alsosupportshorizontalnavigation to retrieve immediately
following nodes.Recallfrom section2 thatwe definetheimmedi-

atefollowing relationshipbetweennodesusing “proper analyses”
of syntaxtrees.In fact,this relationshipis generallyusefulfor ary

annotatiortreeswhich do not correspondo context free grammar
Now we will generalizammediatelyfollows asfollows:

Definition 3.1: Letw; - - - ws beanorderedsequencef terminals
andT be an annotationtree built over the sequence.The set of
nodesretrieved by applyingimmediatelyfollowing axisto noden
in T containsall nodesm in T, suchthat the leftmostterminal

Table 1: LPath Navigation Axes
Vertical Navigation
/ child
I descendartl )
descendant-eself (/ *)
\ parent
W\ ancestof\ )
ancestowor-self (\ *)
Horizontal Navigation
-> immediate-follaving
--> | following (- >™)
following-orself (- >*)
<- immediate-preceding
<-- | preceding<- T)
preceding-osself (<- *)
Sibling Navigation
= immediate-follaving-sibling
==> | following-sibling(=>")
following-sibling-orself (=>*)

<= immediate-preceding-sibling
<== | preceding-sibling<=")
preceding-sibling-eself (<=*)
Other Axes
. self
@ attribute
namespace

in m’s subtreeis immediatelyafter the rightmostterminalin n's
subtree Schematically:

n m
N Ve

Notice that the immediatelyfollowing relationshipbetweentwo
nodesis definedby referringto the terminal sequence.lt is not
hardto seethatfor syntaxtrees,the above definitionis equivalent
to the onedefinedbasedn “properanalyses’sincethedescendant
terminalsof anodecanbederivedfrom thatnodeusingproduction
rulesin syntaxtrees.

As pointed out by [14], XPath cannotexpressthe immediately
following axis. Insteadjt is necessaryo emplg/ agenerapurpose
programminglanguageto implementthis algorithm. However,
both definitionsgiven so far lead to inefficient implementations.
In the next sectionwe define a labeling schemewhich permits
following nodesto be foundin a single step. Next we definethe
following axis.

Definition 3.2: Letw; - - - w, beanorderedsequencef terminals
andT be an annotationtree built over the sequence.The set of
nodesretrieved by applyingfollowing axisto noden in T’ contains
all nodesm in T, suchthattheleftmostterminalin m’s subtrees
aftertherightmostterminalin n’'s subtree. u

Notice that this definition of following is equialent to the one
definedin XPath: applying following axis to a noden obtains
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Figure4: The Grammar of LPath

all nodesin the samedocumentasn thatareaftern in document
order excludingn’s descendantandexcludingattribute nodesand
namespac@odes. In contrastwith the definition of following in

XPath, which usesdocumentorder we definethis and all other
axesonaunifieddatamodel. We definetheinverseaxes,immediate
precedesndprecedesin the obviousway.

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

A summaryof thesel Path axes,their syntacticabbreiations,and
therelationshipshbetweerthem,is givenin Table1. Notethatthe
axesin vertical, horizontalandsibling directionare definedsym-
metrically, eachof which hasa primitive versionandits transitve
closure We alsoallow ‘or-self versionsof the primitive axes?

3.2 LPath Grammar

We presenthe grammarfor LPathin Figure4. A pathexpression
P is an absolutepath optionally followed by a scopedpath. The
absolutepath expressionsA P are composedf stepsS. A step
consistsof anaxis A, atagtestT, andan optionalrestriction(or

predicate)R. The axis A representghe navigations performed
betweemodes,definedin Tablel. ThetagtestT canbea string

equalitytestor awildcard*_" which matchesary tag. 2 R is the
restrictionsintroducedby ‘]’ to filter anodeset. For eachnodein

the setto befiltered, R is evaluatedwith thatnodeasthe context

node. Therestrictionis a logical expressioncomposecdf oneor

moresub-epressionsgonnectedy ‘and’, ‘or’ and‘not’.

Subtreescoping We introducecurly bracesinto the languageto
permitsubtreescopesgo be expressed. Thesewill forceall node
navigation to be constrainedo a subtree. When‘{’ occursafter
a query noden, all the axes between'{" and‘}" are evaluated
within the XML subtreerooted at the XML node matchingn.
For example, consider@4 which is a scopedversionof Q3. Qs
can be expressedas //VP/V- - >N, and we can add the subtree
scoperestrictionfor VP nodesasrequiredfor Q4 asfollows: //
VP{/V- - >N}. Considetthe XML treein Figure2: althoughN7 is

lWearenotawareof linguistic usecasedor the‘or-self variantsof
theaxeswhicharepartof XPath,but includethemto becompatible
with XPath. In the ensuingdiscussionwe will omit the ‘or-self
versions.

2Insteadof using# to denotea wildcardto matchary tagnameas
definedin XPathspecificationwe use_ aswildcardandx to denote
transitive closurein this paper

3Notethatthe curly bracesusedhereis differentasthe oneusedin
XSLT for attributevaluetemplates.

afollowing nodefor Vs in thewholetree,it is outsidethe scopeof
VP,’s subtreeandsoit is not partof theresultfor Q4.*

Edge Alignment. Linguistic queriesneedto referto nodesat the
leftmostor rightmostedgeof the subtreerootedat a specifiechode
(e.g.@s and Qs). It turnsout thatwe could usepredicateswith
the following or precedingaxesto specifythata given nodeis the
rightmostor leftmostnode. For example,to express@s, we can
write an LPathquery//VP{/NP}[not< --].

Sinceedgealignmentis usedextensvely in linguistic queries,we

introducesyntacticsugarA to forceleft-alignment,and$ to force
right-alignment. (Thesechoicesare motivated by the syntax of

popularregularexpressiorianguages.Y heseoperatoraredefined
as follows: "A = Alnot< -- _]; A$ = Alnot- ->_]. Accord-
ingly, @s canbe expressedas: //VP{/NP$} . OftenA and$ are
usedtogetherwith subtreescopingto align nodeswithin a subtree
insteadof thewholetree’®

3.3 LPath Examples

Now thatwe have discussedhe syntaxof the proposedanguage,
let usconsidetow it canbeusedto representhe sampldinguistic
queriesfrom sectionl.

Q. Findasentenceontainingtheword saw
1IS[Il_[@lex=saw]

Q@2 Find nounphraseshatareimmediatelyfollowing averh
IIV- >NP

@3 Find nounsthat follow a verb which is a child of a verb
phrase.
INPIV- - >N

Q4 Within averbphrasefind nounsthatfollow averbwhichis
achild of thegivenverbphrase.
INP{IV- - >N} — comparedo Q2, s restrictsthefollow-
ing axisnavigationwithin the scopeof the nounphrase.

@5 Find noun phraseswhich are the rightmostchild of a verb
phrase.
IIVP{INP$} — the$ operatoris usedto align the matchto
therightmostchild of averbphrase.

Qs Findnounphrasesvhicharerightmostdescendantsf averb
phrase.
IINP{/INPS$}

@7 Findverbphrasesomprisedf averb,anounphraseanda
prepositionaphrase.
INP[{II"V- >NP->PP$}] — notice that we requirethe
ability to scope expressleft andright alignmentandimme-
diatefollowing. As shawvn in the query A forcesV to align
to the left edgeof VP, and$ forcesPP to align to theright
edge.

3.4 Discussion

We have introducedLPath and comparedit with XPath without
functions. We can emplgo/ a userdefined function to express
the immediatelyfollowing navigation. An interestingquestionis
whetherwe shouldexpressthe extendednavigation axes of LPath

4Subtreescopecouldbe expressedisingvariablebindingsasused
in XQuery We define scopeexplicitly ratherthan use variable
bindings,sinceit is a specialcaseof variablebinding,andenables
efficient evaluationtechniguesomparingwith generalttechniques
requiredfor variablebindings.We referthereaderdo section5 for
moredetails.

A moreefficient evaluationfor A ands$ is givenin sections.



asuserdefinedfunctionsin XPath/XQueryor definethemasnew
axes. We wantto expressthesenodenavigationsasfirst-classciti-
zensin atreequerylanguagédor threereasonsFirst, functionsand
axes play distinctrolesin a tree language:axes definethe types
of nodenavigationsin atree,while functionsusuallycomplement
the languagewith certainqualifiersthat filter the nodeset. It is
naturalto expressthe nodenavigation relationshipsasaxes. Sec-
ond,horizontalnodenavigationis acommontype of navigationfor
linguistic queries,andit is crucialthatthey areimplementeceffi-
ciently. Finally, horizontalnavigationfills a gapin the XPath axis
set. The XPath axis setincludestransitve horizontalnavigations
(follows, precedes)without defining the primitives (immediate-
follows, immediateprecedes)On the otherhand, it includesboth
primitives and transitive closuresfor vertical navigations. It is
naturalto addhorizontalprimitivesasaxesto achieve ‘symmetry’
betweenverticalandhorizontalnavigationsusedin atree.

Anotherquestionrelatedto functionsis whetheror not edgealign-
ment in LPath can be expressedusing the position function in
XPath. The alignmentof a child nodewith the left or right edge
of its parentcanbe expressedy positionfunctionin XPath. For
example, @5 can be expressed/VP/_[last()][self::NP] .
However, XPath cannotdescribemore deeplynestedalignments,
asrequiredfor Qs. A putative XPath equivalentis: //VP//_
[last()][self::NP] . However, this XPathexpressiorevaluates
to @ on thetreein Figure2, while Qs evaluatesto {NPgs, NP;3}.
The key differenceis that A and$ are sensitve to nodeorderin
anXML tree,while the XPathpositionfunctionconsidersanodes
positionin thesequencebtainedrom subqueryevaluation losing
thestructuralinformationfrom the original XML tree.

4. LABELING SCHEME

We proposeanintenval-basedabelingschemeo capturethe struc-
ture of linguistic treesanddetectrelationshipsbetweertreenodes
with respecto LPathaxessimply by inspectingtheirlabels.

Thelabelingschemds basedon the following obsenationsfor an
orderedtreewithout unarybranching(thatis, eachinnernodehas
atleasttwo children).

1. Let n be a nodein a treewith a leaf sequencaw; - - - wy,
wheretheleafdescendantsf n arew; - - - w;, 1 <3 < j <
n. Definespan(n) = (3, 5).

2. Letn andm betwo nodesn thetree,andsupposepan(n) =
(ln,r2), andspan(m) = (Im,rm). Thenn is anancestor
of m if andonlyif 1, < I, andr, > rp,.

3. Noden immediatelyfollows m if andonly if 1,, = r,, + 1.

4. Noden followsm if andonlyif 1,, > r,.

If we encodethe order information of eachnodes leftmostand
rightmostleaf descendantaslabels,we candeterminethe ances-
tor, descendantimmediatepreceding,immediate-follaving, pre-
ceding,andfollowing relationshipsof any two nodedirectly.

For a treewith unarybranchingiit is possiblethatnoden andits
descendantn have the sameleftmostandrightmostleaf descen-
dants,andthereforetheir ancestoidescendantelationshipcannot
bedeterminedy thisinformationalone.To solve this problem,we
encodenodedepth.This depthinformationcanalsobeusedto dis-
tinguishthe parent-childrelationshipfrom the ancestordescendant
relationship.

Table 2: Axesand Their CorrespondingLabel Comparisons

Vertical Navigation

child(m, n) n.td = m.pid
descendantf, n) m.l > n.l,m.r <n.r,m.d> nd
parentfn, n) m.id = n.pid

ancestonf, n) m.l <n.l,mr>nrmd<nd

Horizontal Navigation

immediate-folloving(m, n) m.l =n.r
following(m, n) m.l > n.r
immediate-precedingt, n) m.r =n.l
precedingf, n) m.r < n.l

Sibling Navigation

immediate-folleving-sibling@m, n) |m.l = n.r, m.pid = n.pid
following-sibling¢n, n) m.l > n.r,m.pid = n.pid
immediate-preceding-sibb(m, n) |m.r = n.l, m.pid = n.pid
preceding-siblingt., n) m.r < n.l,m.pid = n.pid

Others

attributegn, n) [m.id = n.id, m.namebeginswith @

To test the sibling relationshipof nodesn and m, we needto
checkwhetherthey sharethe sameparent. To expedite sibling
navigations,which arefrequentin linguistic querieswe assignid
and pid to eachnodein the tree,whereid and pid arethe unique
identifier of a nodeandits parentnode,respectiely. We alsouse
the tag or attribute nameof a nodeto distinguishelementnodes
from attribute nodes We cannow formalizethelabelingschemé.

Definition 4.1: The labeling schemeassignseachnode a tuple
<left, right, depth,id, pid, name>, shortenedas</, r, d, id, pid,
name>, in thefollowing fashion:

. Letn betheleftmostleafelement.Thenassigmn.l = 1.

. Letn bealeafelement.Thenassignn.r = n.l + 1.

. Letm andn beconsecutie leaf elementsherem is onthe

left. Thenassignm.r = n.l.

4. Letn beanon-terminaklementvhichhasasequencef leaf
descendant® order:my, ..., mg. Thenassignn.l = my.l
andn.r = myg.r.

5. For eachelementn, let n.d bethedepthof n, wheretheroot
hasadepthof 1.

6. For eachelementn, assignanonzeroid asits uniqueidenti-
fier (= f(I,r,d) wheref is a Skolemfunction).

7. For eachelementn, assignn.pid to be n's parentelement
identifier;if n is theroot, assignn.pid = 0.

8. For eachattributea associateavith anelementn, assigrthe
same<|/, r, d, id, pid> asn to a.

9. For eachelementn, let n.name bethetagnameof n. For

eachattributea, let a.name betheattribute nameof a.

WN P

Table2 shavs how to determinethe LPath axisrelationshipof any
two nodesby inspectingtheir labels’

Example 4.1: Figure5 shaws the labelsof the sampleannotation
treein Figure 2, wheretheid attributein the tableT’ corresponds

5This definition caneasily be extendedto multiple treesby intro-
ducingtreeidentifiers.

"Extensionsto reflexive versionsof the axes are easyand are
omitted here. For example, descendent-eself(m, n) =m.l >
n.l, m.r < n.r,m.d > n.d. Thelabelsof nodesin atreecanbe
constructedh asingle-passisingdepth-firstraversal. Thelabeling
schemeas relatedto the datamodelof annotatiorgraphd3, 2].
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to the nodeids in Figure2. ConsidemodeNPs: it haslabel =3,
r =9, d =3. We detectthatnodeS, with labell=1,r =10,d =1 is
anancestonf NPg sinceS;.| < NPs.l, S;.r > NPs.r, andS;.d <
NPs.d accordingto Table2. FurthermorenodeVs with labell=2,
r = 3,d =3 immediatelyprecededNPs sinceNPs.| = V;.r. [

5. LPATH QUERY EVALUATION SYSTEM
As discussedn sectionl, thetwo key featuresof a goodlanguage
are expressivenessandefficiengy. We have discussedhe expres-
sivenessof the proposedlanguagewith respectto the linguistic
gueryrequirementsn section3; herewe will focuson efficiengy.

5.1 Query SystemRequirements

As for the query language thereare a seriesof requirementgo
considerfor the query system. Theserequirementsnotivate our
decisionto implementthe systemon top of a databasengine.

Client-Server Model. Linguistic datais typically developedin

the courseof linguistic researchand languagetechnologydevel-

opment. Over time, major laboratoriesconstructor acquirean
extensie collectionof this data,eachstoredon a centralfile sener
in its own physical format and eachwith accompaying tools.
Researctsponsoroften fund the creationof linguistic datawhich

arepublishedanddistributedwidely. Researcherg/pically create
derivedversionof this data,losingprovenanceanformation. Mary

researchmethodologiesvould be greatly simplified if theselarge
collectionswerestoredon senersandaccessedemotelyby clients
usingaquerymechanisnmwhich selectgherequireddataandtrans-
formsit into therequiredstructure.Insteadof storingderiveddata,
it would often sufice to storethe querywhich generatedt. Thus,
the systemshouldsupportinteractionwith non-localdata.

Concurrent Access.Mary annotatiortasksrequirethe collabora-
tion of multiple humanandautomaticagentsparsersio afirst-pass
analysis,linguists correctthe mechanicallyparseddata, supervi-
sorsimplementquality controls,andexternalexpertssupplyhighly

specializedannotations Eachtime a new category of erroris dis-

covered,updateamustbe performedacrossthe database Further
checksmustbeperformedon newly updateddata,possiblyby peo-

ple in differentphysicallocations. Any systemneedsto support
concurrentaccesgo ashareccopy of thedata.

Integration. Linguistic data usually contain substantialtakular
datain additionto trees,including spealkr demographicandlex-
icons. We would like to be able to join our linguistic query

LPath Query > SQL
Query Translator Query

ngry > Query
engine result

Source Data
Data Loader

Figure 6: The SystemAr chitecture

expressionsvith queriesover theseauxiliary tables. For instance,
for the Switchboarddatabasea linguist might want to restricta

queryto treesover dataprovided by femalespealers of southern
US Englishaged20-30 (usingthe demographidable),andwhich

containwordsthat have sibilants(i.e. ’s’ and’sh’ sounds)which

mustfoundusingthe pronunciatiortablesinceits notobviousfrom

spelling(e.g. facecontainsthe s sound,andnation containsthe sh

sound). Furthermore Jinguists often want to work within a sub-
collectiondefinedby a query All further work is then qualified
by thatquery Both of theseneedscanbe methy a systemwhich

supportgoins over arbitrarily comple queries.

Size.Usinga high performancenaturallanguageparseiit is possi-
bleto processext ontheweb,andpermittreequeriesoverwebdata
[16]. For suchapplicationsthe datawill notfit in main memory
Thusthe systemmustsupportefficient queriesover datastoredon
disk.

Optimization. Givenlimited resourcesor systemdevelopment;t
is importantto be ableto exploit existing optimizations.Thusit is
desirableto build the systemon top of a systemwhich doesall of
the standardstorageandqueryoptimizations.

5.2 SystemArchitecture

To addresgheserequirementswe have developeda queryengine
ontop of arelationaldatabasengine.The LPathqueryevaluation
systemexploits the labeling schemepresentedn section4. It is
composeaf threemodules:dataloader querytranslatomndquery
engine.Thedataloaderparsesheinputlinguistictrees generatesa
labelfor eachnode,andstoresthelabelsinto arelationaldatabase.
The querytranslatortranslatesan input LPath query on treesinto
an SQL queryon tablesin accordancavith the labeling scheme.
We usea commercialrelationaldatabasasthe queryengine.The
architectureof our LPath queryprocessingsystemis presentedn
Figure6.

5.3 SystemDescription
Thedataloadergenerateatuple <left, right, depth,id, pid, name,
value> for eachnodein atree,andstoresit into arelationaltable.
For example,Figure5 shavs partof the relationgeneratedor the
sampleannotatiortreein Figure2. Indexesarebuilt onthetableto
facilitatesearches.

Now we will discusghe querytranslatoiwhich convertsan LPath
queryto an SQL query basedon the labeling scheme. After we
storethelabelsinto atableT’, eachLPathaxisin the querycanbe



evaluatedasajoin over T', wherethejoin conditionsinvolve label
comparisongsshavn in Table2.

Whentranslating_Pathqueriesve needo handlethesubtreescop-
ing restrictionsexpressedusing{} . Sincescopescan be nested,
we usea stackto keeptrack of them. Whenwe encounteia node
m followed by a {, we save m’s label which definesthe current
scopeon the stack,andrequirethat ary noden appearingnside
the scopemustbe boundeddy m, i.e. m.l < n.l, n.r < m.r, and
n.d > m.d. Oncethe corresponding is met, we popthe current
scopefrom the stack.

Thedetailsof the querytranslationalgorithmcanbefoundat[1].

Example5.1: /INP{//Adj- - >N} (Q3) istranslatedo thefollow-
ing SQL query Thesubtreescopeconstrainrequireshatthenodes
of tagN mustbe descendantsf anodeNP, andthisis implemented
by the conditionsin bold.

select | I3, r r3, dd3, 12, r2, d2, 11, r1, di

from T,

( select | 12, r r2, dd2 11, rl, dl from T,
( select | 11, r rl, d dil from T

where T.name = 'NP’) T1
where T.name = 'Adj’ and T. >= 11 and
Tr <=1l and T.d > dl) T2
where T.name ='N' and T.I >=r2 and
Tl >=11and T.r <=rl and T.d > dil

To translatean LPath querywith predicateso an SQL query we
usethe techniquesn [9]. When a predicateis met, we add the
keyword EXISTS to the WHERE clause. The logical operators
and or in LPathpredicatesredirectly mappedo keywordsAND
ORin SQL.OperatoNOT canbetranslatedusingNOT EXISTSin
theSQLwhereclause Thekey differenceo themappingproposed
in [9] is thatwe alsoinitialize the processingcopefor expressions
in the predicatego bethe currentscope.

As anoptimization ratherthanprocessing and$ directly accord-
ing to their definitions,we canevaluatetheseconstraintefficiently
accordingto the following obseration. A noden is the rightmost
descendantf nodem if andonly if n is a descendanof m, n
andm sharethe samerightmostleaf descendantAccordingto the
labelingschemen andm sharghesamerightmostieafdescendant
if andonly if m.r = n.r. Combiningthis with the stratgy to
evaluatethe descendanaxis, we cancheck$ by checkinglabels
asfollows. Let T’ be the relation at the top of the scopestack
which defineghecurrentscope.”A will betranslatedo conditions
T.name = A, T.l = T'.landT.d > T'.d. Similarly, A$ will be
translatedo T.name = A, T.r = T'.r andT.d > T'.d.

Example 5.2: The query//VP{/INP$}  (Qs) is translatedo the
following SQL query The alignment$ is implementedby the
conditionin bold.

select | 12, r r2, dd2, 11, rl1, di from T,
( select | 11, r rl, d dil from T
where T.name = 'VP) T1
where T.name = 'NP’ and T.I >=1I1 and

T.r =rl and T.d > dl

6. CONCLUSIONS AND FUTURE WORK

We have addressethe problemof definingan expressie andeffi-
cientlanguagdor linguistic queries.Our languagel Path,extends
theXPathlanguagey introducinghorizontalnavigationprimitives
andsubtreescoping,andexpressingedgealignmentnaturally We
review eachof thesein turn. First, several new axesareproposed
for horizontalnavigation: immediate-follaving (- >), immediate-
following-sibling(=>), immediate-preceding- ), andimmediate-
preceding-siblingd<=). These"horizontal” axesarenot supported
by XPath, even thoughtheir closuresare supported.Onceadded,
thereis anaturalsymmetrybetweerhorizontalandtheverticalaxes
(cf. Tablel). Secondsubtreescopingis introducedusing{} .

Finally, operators ands$ areusedto expressedgealignmentnatu-
rally. Whenusedin conjunctionwith {} , theseforce the specified
nodeto bealignedto theleft or right edgeof the subtree.

For efficientevaluationof LPathquerieswe have proposedalabel-
ing schemewhich supportsboth horizontal and vertical naviga-
tions. Basedonthelabelingschemewe proposedrelationalstor
agefor linguistic treedata,and designeda querytranslatorwhich
corvertsLPathqueriesto SQL queries.

We believe thiswork hasimplicationsfor XPathdesignandimple-
mentationbeyond linguistics. First, we found that several impor-
tant node navigations are not supportedby XPath, presumably
becausehesenavigationsare not requriedin currentapplications.
However, as XML is a standarddataformat representinga tree
model, and XPath is its standardlanguage,it is beneficial for
XPathto supportthesenavigationsin orderto supportwider sci-
entific applications. Furthermore from a theoreticalperspectie,
by includingtheseprimitive horizotalnavigationsin XPath,the set
of XPath axesfor horizontalnavigation would be symmetric,just
asthe vertical navigation are, leadingto an elegantinventory of
axes.

The evaluationof LPath queriesemplo/s a novel labelingscheme
whichis alsousefulfor XPathqueryprocessinglt is aninteresting
alternatve to existing XPath queryevaluationtechniques.

In ongoingresearchwe areinvestigatingthe expressienesof the
language.For instancewe would like to supportsimplekinds of

path closures(e.g. (- >NP)*); aswell as querying “overlapping
trees” arising from multiple linguistic annotationsover the same
primary data. Finally, we planto extendLPathwith updateopera-
tions, permittinglocal rearrangementsf linguistic trees andfacil-

itating the curationof linguistic data.
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