Recursve XML SchemasRecursive XML Queries,and Relational Storage:
XML-to-SQL Query Translation

RajasekaKrishnamurthy Venkatesaf. Chakaraarthy Ragha Kaushik Jefrey F. Naughton
University of Wisconsin-Madison
f sekajvenkat,raghgnaughtog@cs.wisc.edu

Abstract

We considerthe problemof translatingXML queriesinto
SQLwhenXML documentfiavebeenstoredin an RDBMS
using a schema-basedelational decomposition.Surpris-
ingly, there is no published XML-to-SQL query transla-
tion algorithmfor this scenariathathandlesecursive XML
schemas.We presenta genericalgorithmto translatepath
expressionqueriesinto SQL in the presenceof recursion
in the schemaand queries. This algorithm handlesa gen-
eral classof XML-to-Relationalmappingswhich includes
all techniquesproposedin literature. Someof the salient
featuiles of this algorithm are: (i) It translatesa path ex-
pressionqueryinto a singleSQLquery irr espectivef how
complexthe XML schemais, (i) It useghe“with” clausein
SQL9%to handlerecursivequeriesevenover non-recussive
schemas(iii) It reconstructgecursive XML subteeswith
a single SQL queryand (iv) It showsthat the supportfor
linear recusision in SQL99is sufcient for handling path
expressionqueriesover arbitrarily comple recuisive XML
sthema.

1. Intr oduction

This paperis the rst to present genericalgorithmthat
translategpath expressionqueriesto SQL in the presence
of recursionin the schemain the context of schema-based
XML Storage shreddingof XML into relations. Here,we
referto pathexpressiomuerieshaving the descendardxis
(/) asrecursve XML queriesandto techniquedhat store
XML datainto an RDBMS basedon an XML schema(or
DTD) asschema-baseXML Storage techniques.

Thereademayjusti ably beskepticalof this claim. Af-
terall, therehave beenmary schema-basegchniquegpro-
posedor shreddingKML datainto relationg[3, 18, 20, 28].
There has also beena lot of work on schema-obliious
shreddingof XML into relations[9, 15, 24], wherethe tar
getrelationalschemas x edoblivioustothe XML schema.

Moreover, therehasbeena greatdeal of work on translat-

ing XML queriesinto SQL [4, 12, 16, 21, 25, 27] in the

contet of publishingexisting relationaldataas XML (the

“XML Publishing”scenario)lt seemsplausiblethatsome-

wherein all this work mustlie the solutionto the problem

we claimto solvein this paper Unfortunatelythatis notthe

case— noneof this previous work solvesthe querytrans-

lation problemfor schema-baseshreddingn the presence
of recursionin the XML schema.

Firstly, while [20, 28] propose schema-baseKML
shredding methods applicable over recursve XML
schemas,there has been no publishedwork presenting
algorithmsfor translatingXML queriesinto SQL in this
contxt. Secondly while the schema-obliious methods
(for example the Edgeapproact15]) canhandlerecursve
schemasandrecursie querieswith easethe querytrans-
lation algorithmsfor theseapproachesre not applicable
in the context of schema-basedhredding. Finally, in
the “Publishing” domainthe classof XML schemaghat
have been consideredincludesonly (non-recursie) tree
schemas.

At this point the reademay be wonderingif this gapin
the literatureexists becausedhe problemis not well moti-
vated. We think thatis not the case. In a recentstudy of
real-world DTDs [6], out of the 60 DTDs analyzedmore
thanhalf (35) of themwererecursve, which suggestshat
recursve XML schemasrecommonin practice. Further
more, recursionis ubiquitousin XML queries,asit ap-
pearsin ary path expressionthat usesthe descendandixis
(/H. Finally, thereis a growing body of work suggest-
ing that for mary query workloads,schema-basesdhred-
ding approachegield far betterperformancehanschema-
obliviousshreddind29, 30].

We presenta genericalgorithmthat translategath ex-
pressiongueriesto SQL in the presencef recursionin the
XML schemaand queriesin the context of schema-based
shreddingof the XML into relations. This algorithm al-
ways outputsan SQL query of size polynomialin size of
theinput XML-to-Relationalmappingandthe XML query
An interestingaspecbf thisis thatwe needthe SQL99with
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Figure 1. Sample XML-to-Relational mapping
schema

constructto getthis bound. This is not merely an artifact
of our algorithm,aswe shaw thatif we restrictoursehesto
only SPJU(select,project, join, union) relationalqueries,
thenno algorithmcangive this polynomialsize guarantee
evenfor non-recursie schemasWe alsoshav how thesup-
portfor linearrecursionin SQL99is sufcient for translat-
ing a pathexpressiormueryinto a single SQL queryfor an
arbitrary XML-to-Relationalmapping. We alsoshav how
we canreconstructecursve XML subtreesn asingleSQL
query

Therestof thepaperis organizedasfollows. We rst de-
scribethe classof XML-to-Relationalmappingsconsidered
in this paperin Section2. We then presentthe algorithm
to translatepath expressionqueriesinto SQL in Section3
whenboth the XML schemaand query may be recursve.
We thenextendthe algorithmto handlebranchingpathex-
pressiorqueriesandreconstrucKML subtreesn Sectiord.
We discussrelatedwork in Section5 andpresentour con-
clusions.

2. Formal Model

In orderto expressour translatiortechniqueswe needa
representatiofior XML to Relationalmappings.Any rea-
sonablerepresentationvould sene our purpose;for con-
cretenessn this sectionwe presenta formal way to repre-
sentXML to Relationaimappingghatcoversall thelossless
mappingtechniqueproposedn existing literature.

2.1 XML SchemaGraph

An XML schemacan be viewed as a directedgraph
SG = (V;E), whereV is the setof verticesandE is the
setof edges. The verticescorrespondo elementsand at-
tributesandthe edgesrepresentontainmen{parent-child)

relationshipsTheverticesarelabeledwith the nameof the
elementor attribute. The edgeshave an additionalmulti-
plicity labelthatcantake avaluefromf?;, ;+; g. A sam-
ple non-recursie schemagraphis givenin Figurel. With
eachschemanode,we associatean integer to identify the
node. If the schemagraphis a tree,thenwe call it a Tree
schemagraph. If it is agyclic, we call it a DAG schema
graph(directedacgyclic graph). Otherwise,it is a recuisive
schemagraph.

2.2 XML to Relational Mappings

We representhe mappingbetweenXML elementsand
relational columns through annotationson the schema
graph.For example,oneway of mappingthe XML schema
in Figure 1 into relationsresultsin the following relational
schema.

Book (id, title, :::)

Author (id, parentid,: ::)

Section(id, parentid parentcodetitle, : ::)
Para (id, parentid,:::)

Figure (id, parentid,caption,image,: ::)

Theannotation®ntheschemaraphin Figurel correspond
to this decomposition Eachnon-leaf(internal)nodein the
schemas associatedvith a relation name(shovn next to
thenode).Eachleaf nodeis associateavith acolumnname
aswell. The relationalschemainto which we shredthe
XML datais thesetof relationsthatoccurin thenodeanno-
tations. Eachrelationhasanid eld, whichis the primary
key. In addition,parentidandparentcodeelds areincluded
asrequiredto presere documenstructure.

A nodeannotationfor a leaf noden, Annot(n), is of
the form R:C, whereR denotesa relationand C denotes
acolumnin R. A nodeannotationfor a non-leafnoden,
Annot (n), is of theform R indicatinga relationnameR.
If a noden in the schemahasmultiple in-coming edges,
then eachof theseedgesis annotatedwvith a condition of
theform parentcode= val, indicatinga codefor the parent
of anelementmatchingn in thedocumentFor arelational
columnR:C, wede ne LeafNodes(R.Qp bethesetof leaf
schemanodesannotatedvith R:C.

We now discusswhat propertieswe expect from an
XML-to-Relationalmapping.

The decompositioralgorithmthat actually shredsthe
XML datainto relationsmustrespecthe mapping.
All the XML datamustbe completelyshreddednto
relationsandno part of the XML datamustbe stored
multiple times.

Theremustbe no datain the relationsotherthanthat
whichis presentn the XML document.



Enough information must be maintainedin the re-
lational datato enablereconstructiorof the original
XML data.

Everylosslesslecompositioschemeve have encountered
in theliteraturesatis estheabove propertiesWe formalize
theseasfollows.

SQL query SQL (p) asgivenin Figure2. Intuitively, the

SQL queryretrievesfrom therelationalshreddingheinfor-

mationthat appearedn portionsof the original document
thatmatchthepathp.

procedure SQL(pathp)
begin
addAnnot (n1) to theFrom clause
for (i from2tok) do
Let e betheedgefromn; 1 ton;
if (Annot (n;) is differentfrom Annot (n; 1)) then
addAnnot (n;) to theFrom clause
addAnnot (n; 1):id = Annot (n;):parentid
to the Where clause
elseif (Annot (e) is of theform parentcode= val) then
addAnnot (n;) to theFrom clause
if (Annot (e) is of theform C = val) then
/* C maybeparentcodé/
Let thelastrelationaddedto the From clausebeR
addR.C=val to theWhere clause
Add Annot (nkx) = R:C totheSelect clause
[* if therearemultiple instance®f therelationR,
usethelastinstancet/
end

Figure 2. Query associatedwvith a path p

With a leaf (schemahnodel, we associate root-to-leaf
SQL query RtoL (1) asfollows. Let the root-to-leafpaths

union operationherepreseresduplicates.If the mapping
schemas recursve,thenumberof root-to-leafpathswill be
in nite for certainleaf nodesandthe RtoL queryfor such
nodess theunionof in nitely mary queries.

For example, for the schemain Figure 1, RtoL (9) is
givenbelow.

select  S2.title

from Book B, Section S1, Section S2

where B.id = Sl.parentid and Sl.parentcode =1
and Sl.id = S2.parentid and S2.parentcode =2

Again, intuitively, RtoL (l) retrievesfrom the relations
the information that would be found in the original XML
documentby startingat the route and traversingall paths
thatmatchl. If theXML-to-Relationalmappingsatis esthe
propertiesmentionedabove, thenthe following properties
alsohold.

1. For eachroot-to-leafpathp, SQL (p) returnsthe val-
uesof all elementghatsatisfyp. Thisis undemultiset
semantics.

2. For eachleaf nodel in the schemaRtoL (l) returns
the valuesof all elementgattributes)associatedvith
[. Thisis undermultisetsemantics.

3. For every relational column R:C with LeafN-

odes(R.C)6 , let Q be the SQL query: “se-
lectR:C fromR”. Then,
Q= RtoL (1)

12 Leaf N odes(R:C)

4. Consideredgee =<n; n;> whereAnnot(n;) = R;
andAnnot(n;) = R; orR;:C. If R; 6 R;, thene
mustbe annotatedvith the conditionparentcode=i.

The nal conditionensureshatif arelationR; “points to”
morethanonerelation,thenby examiningthe parentcode,
wecan nd outwhichrelationis beingpointedto by agiven
tuple. This informationis neededo reconstructhe origi-
nal XML data. We note herethatif R; pointsto only one
relationin the entire mapping,thenthis annotationcanbe
omitted.

We refer to the annotatedschemagraphillustrating the
XML-to-Relationalmappingasthemappingschemagraph
Any mappingschemagraphthat satis es the abore men-
tionedpropertieds avalid mappingschema.

In generalwe allow two additionalfeaturesn the map-
ping: selectiorconditionsasedgeannotationsndpresence
of dummynodes.Any edgee from n; to n, mayhave an
optionalannotatiorof the form C = val, whereC is a col-
umnin the relationAnnot (n;). In XML documentscer
tain elementsnaybeintroducedustto groupelementghat
appearbeneaththem. We refer to suchschemanodesas
dummynodes.For example,we could have adummySec-
tions nodein-betweemodesl and4 to grouptogetherall
the sectionsin a book. An algorithmthat shredsthis doc-
umentinto relationsneednot take ary actionon nding a
dummynode.We candetectthata shreddingalgorithmhas
considereda noden to be a dummynodeby the factthat
(1) n is a non-leafnode,(2) n is annotatedvith the same
relationasits parent,(3) eachin-comingedgeis labeled
and, (4) eachin-coming edgehasa null annotation. For
easeof exposition,we assumehatary non-leafnodethat
is notadummynodehasanelemid attribute that uniquely
identi es anelementwithin anXML document.

2.2.1 Path ExpressionQueries

A simplepathexpression(SPE)canbedenotedas”s; |1 s;
[2:::s¢ Ix,” whereeachof thel; is atagnameandeach
of the s; is either= (denotinga parent-childtraversal)or
== (denotingan ancestoidescendantraversal). Eachs; |;



pair is a navigation stepof the pathexpressiorandk is the
numberof stepsin thequery

A generalizedsimple path expression(GSPE) can be
denotedas “p; p2::: px” whereeachp; is of the form
plip?:::p (ki 1). Here,eachp is asimplepathex-
pressionEachp; thusdenotesa disjunctionof simplepath
expressionsAlso, thespeciatagname™' matchesary tag
namein a GSPEquery,

The resultof a generalizegathexpressionis the setof
all nodeghatmatchthe pathexpressiorguery Thisis sim-
ilar to XPath semanticswherethe resultis an orderedlist
of matchingnodes.We assumeanunordereddatamodelin
this paperanddiscusshow our algorithmcanbe modi ed
to work in anorderedmodelin Section4.3. Therearetwo
possiblewaysto returnthe setof matchingnodes:

Selectmode: For leaf nodes,this corresponddo re-
turningthevaluesof theelementsFor non-leafnodes,
we returnthe value of the correspondingelemid at-
tributes.

Reconstruct mode: For leaf nodes,this corresponds
to returningthe valuesof the elements.For non-leaf
nodes,we reconstructthe subtreerooted at the ele-
ment.

3. Query Translation Over Recursve XML
schemas

In this sectionwe presenan XML-to-SQL querytrans-
lation algorithm over recursve mappingschemador the
classof generalizedimplepathexpressiofGSPE)queries
de nedin Section2.2.1. We will assumehe Selectmode
in this sectionandpresenbur solutionfor the Reconstruct
modein Section4.2.

Evaluating a path expressionquery over an XML-to-
Relationalmappingcanbe viewed asa two stageprocess:
(i) usethe XML queryto identify the pathsin the XML
schemaraphthatsatisfythe query and(ii) usetheannota-
tionsfrom the XML-to-Relationalmappingto constructan
equivalentrelationalquery We referto thesestagesasthe
PathldandSQLGerstagesespectrely. We explainthetwo
stagesn the next two subsections.

3.1 Pathld stage

In the Pathld stage,we executethe GSPEqueryQ =
p1:::px onaschemaraphandidentify thesatisfyingpaths
in theschemagraph.Sincethe mappingschemanaybere-
cursive, the numberof pathsmaybein nite, sowe cannot
enumerateall the possiblematchingpaths. Evenwhenthe
mappingschemas non-recursie,for DAG schemagraphs,
it is possiblefor the numberof matchingpathsto be ex-
ponentialin the sizeof the mappingschemandthe query

So,we shouldnot attemptto enumerateall completepaths.
Instead just like the DAG schemagraphrepresentshared
informationacrosamultiple pathsin a compactfashionwe
representhe matchingpathsasa graph.This will allow us
to handlerecursive andnon-recurste mappingschemasn
a uni ed fashion. As an addedbene t, we shall seelater
how preservingthe relationshipacrossmultiple pathsthat
existedin the original mappingschemawill helpusin the
SQLGerstage.

Considerthe evaluationof a query Q over a mapping
schemaS. We treatthe mappingschemaasan automaton
As andthe queryasan automatorAg. We constructthe
cross-producautomatorAsg fromAgs andAg. We elimi-
nateall thedead-stated Asg andtheresultingautomaton
hasall the matchingpathsin it. This approachis similarto
theoneproposedn [14] for evaluatingregularpathqueries
over graphschemas.We illustrate the main ideawith an
exampleand explain the partswhereour algorithmdiffers
fromtheonein [14]. Thereadeis referredto [14] for more
details.

Considerthe schemaS given in Figure 3, which is a
part of the schemain Figure 1. The correspondingau-
tomaton As is shavn next to it. Similarly, the query
Q = /book/section/titlés translatednto theautomatori g,
wherestate3 correspondingo thetitle elementin Q is the
acceptingstate. We constructthe cross-producautomaton
Asq andremove the deadstates.The resultingautomaton
Asq is shavnin the gure. A statewith number(i; j) in
Asq represents combinationof statei in As with statej
in Ag. Sincestate3 in Ag is anacceptingstate,all states
with statenumber(i; 3) are acceptingstatesin Asqg (in
this casejust (5; 3)). Notice how Asg hassimulatedthe
guery over the mappingschemaand identi ed the single
matchingpath. The statenumbersn Asq illustrateexactly
how eachpathmatchedhe query In general As andAq
are non-deterministicandas a resultAsq is alsoa non-
deterministicautomatonThis cross-producautomatorcan
thenbeviewedasamappingscheméssg. Thenode(edge)
annotationgor Ssq arethe sameastheunderlyingannota-
tionsin S.

The Pathld stagefor the queryQ21 = /book/section//title
is alsoshawvn in the gure. Notice how the // operationin
thequerytranslatesnto aself-looponnode2in Ag;. Also,
therearetwo matchingpathsin the schemdor this query
So,therearetwo root-to-leafpathsin the cross-producau-
tomatonAsos.

For purposesof exposition, we assumethat all accept-
ing statesin Sgq correspondo a leaf nodein the original
schema. If an acceptingstates 2 Ssq correspondgo a
non-leafnoden 2 S, we addthe statecorrespondingo the
elemid child of n asa nal statein Sgq (insteadof s). In-
formally, this correspondso returningtheelemid's of non-
leafnodesastheresultof thequery Thiscorrespondso the
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Selectmodedescribedn Section2.2.1.Wewill presenbur
solutionfor the Reconstructmodein Section4.2.

3.1.1 Handling XPath semantics

Accordingto XPath semanticsthe resultof a pathexpres-
sionqueryis a duplicate-eliminatedequencef nodes.So,

evenif anelementhasmultiple derivationswith respecto

the query it shouldappearin the queryresultonly once.
For example,considerthe evaluationof queryQ2 = //sec-
tion//title. Thecross-producautomatorAsq for thisquery
is givenin Figure4. Notice how therearetwo matching
pathsin Asq for thetitle nodeunderthe second-leel sec-
tion (node9). Thisis dueto thefactthateitherof the sec-

tion nodesin S (4 or 7), canmatchthe//sectionpartof Q.

For both the casesthe /ititle part of the queryis matched
by the title node (node9) in S. As a result, the /sec-

tion/section/title pathin the schemas replicatedtwice in

Asq. So,if we constructa SQL querybasedn this cross-
productautomatonwe may getduplicateresults. But, ac-
cordingto XPath semanticswe shouldreturneachsatisfy-
ing elementexactly once. In this section,we explain our
approacho handlingthisissue.

We rst examinewhatthe primary reasonfor the pres-
enceof duplicatepathsin Agg is and how we can avoid
it. Goingbackto the above example,we seethatthe two
pathsfor book/section/section/titleave thefollowing prop-
erty: the rst componenbf the nodesoccurringin thetwo
pathsareidentical, while the secondcomponendiffersin
(at least)one place. In otherwords, a single pathin the
schemaetsduplicated pncewith eachof thetwo different
derivationsfor the query So, if the queryautomatons a
DFA, thenthe cross-productiutomatorwill not have ary
schemgathduplicated.

For an SPEquerywith k stepswe have analgorithmto
constructanequivalentDFA with k + 1 states.We explain
this algorithmusingthe queryQ,. Theresultingdetermin-
istic automatonAq, is shovn in Figure4. We partition
the queryinto blockssuchthat eachblock hasa leading//
andthereis no occurrenceof // in thatblock. In this case,
therearetwo blocks,oneeachfor //sectionand//title. Then,
we processtheseblocks from left to right. For the rst
block //section,we createa start state(state0) andadd a
transitionto statel on the labelsection. For ary otherla-
bel,sincethereis aleading//, we addatransitioninto state0



procedure Pathld(Q,S)

begin

1. LetAs betheautomatorcorrespondingo S

2. If (Q isanSPEquery)then

3. LetAq, betheDFA correspondingo Q

4 returnthe cross-producautomatoriso,

5. Else// Q isaGSPEquery

6. LetAg betheNFA correspondingo Q

7 LetA2Q betheautomatorthatacceptsll stringswith
two or moreacceptingpathsin Ag

8.  Computethecross-producautomatori g2

9. If (Asq2 isempty)then

10. returnthe cross-produchutomatorsg

11. Else

12. CornvertAqg intoaDFA Ag,

13. If (Aq, doesnothave anexponentialincreasen size)
14. returnthe cross-producautomatorisq,

15. Else

16. returnthe cross-produchutomatorsg

17. I adistinct clauseneedso be addedn this case

18. // to the®nal SQL query

end

Figure 5. Pathldstage

itself (the startstateof the currentblock). In generalwhen
thereare multiple stepsin a block, theremay be a partial
matchwith the currentstringandwe mayhave to transition
notto thestartstatebut to someintermediatestate. Thiscan
be found by identifying the longestsufx that matcheghe
currentsetof labelsandis similarto the Knuth-Morris-Pratt
string matchingalgorithm[7]. Statel is the nal statefor
this block andwill actasthe startstatefor the next block.
We repeatthe procesdor //title andaddstate? andatran-
sitionfrom 1 to 2 ontitle. We alsoaddtransitionson other
labelsfor statel. Sincethisis thelastblock, we alsocom-
putethetransitionsfrom state2 andsetstate2 asthe nal
statefor Ag, . Thegenerahlgorithmis omittedfor wantof
space.

LEMMA 1 For an SPEqueryQ havingk steps.the equiv-
alent DFA havingk + 1 statescan be computedn O(k?)
time

Ontheotherhand for GSPEqueriestherearescenarios
whenthe smallestequivalentDFA is exponentialin thesize
of the query In this case,we usethe following approach.
Let Ag denotethe NFA correspondingo the queryQ. We

rst computean NFA Aé thatacceptsll input stringsthat
have two or moreacceptingpathsin Ag. Then,we com-
pute the cross-productutomatonAsq:. betweenAs and
Aé. If this automatonis empty then it meansthat the
cross-productiutomatonAsq obtainedfrom the original
gueryandschemaautomatgAq andAs respectiely) will

not have ary duplicateschemapathsandwe useAsq as
the outputof the Pathld stage.On the otherhand,if Agqe

is not empty thenwe have two options: (1) corvert Ag
into a DFA Ag, andcomputecross-producbetweenAg
andAg, or (2) apply a distinct clausefor the query ob-
tainedfrom Asqg. We chooseoneof theseoptionsbasecn
whetherthereis a sizeexplosionwhenwe corvertAg into
aDFAL.

ThePathldalgorithmalongwith theabos/e modi cations
to handlethe semanticof XPathis givenin Figure5.

3.1.2 Analysis of Pathld stage

In this section,we presentan analysisof the numberof
statesn theresultingcross-producautomatorandtherun-
ning time of the above algorithm. We omit the proofsdue
to lack of space.

Let s ande be the numberof nodesin the schemaand
k bethe numberof stepsin the query Thenthe numberof
statesn As isns = s+ 1 andthenumberof statesn Ag
isng = k + 1. For an SPEquery the numberof statesin
AQD =k+ 1

LEMMA 2 The numberof statesin the cross-poduct au-
tomatonAsq is nogreaterthanns ng.

LEMMA 3 If S is a Treeschemaand Q is an SPEquery
thenthenumberof statesn Asq, is nogreaterthanns.

For an SPE query Q, for every label x, let
ChildOccur(x; Q) denotethe numberof occurrencesf the
pattern/x in Q. For example,for the queryQ = /sec-
tion//section//title ChildOccur(section,Q¥ 1 andChildOc-
cur(title,Q)= 0. Let MaxChildOccur(Q) denotethe maxi-
mumacrossall valuesfor ChildOccurk; Q) overall labels.
In thiscase MaxChildOccurQ) = 1.

Let DescendantSteps(Q) denotethenumberof // steps
in Q. Fortheabore example,DescendantStep@) = 2. No-
tice how DescendantStepQ) + MaxChildOccurQ) nq

LEMMA 4 For an SPEquery Q, the numberof statesin
the cross-ppductautomatorAsq, is nogreaterthanns
(DescendantStepd] + MaxChildOccurQ)).

Let usnow consideitherunningtime of thevarioussteps
in the Pathld stage.

FromLemmal, we seethatthe DFA correspondingo a
queryQ canbecomputedn time O(ng).

LEMMA 5 The cross-poduct automatonof two state ma-
chineswith n; andn, statesrespectivelycanbe computed
inO(n? n3).

LEMMA 6 For a queryQ, the automatonA(zg canbecom-
putedin O(ng).

1This canbe achieed by placinga boundon the numberof statesex-
ploredin the NFA-to-DFA conversion



procedure SQLGefSso)
begin
1. Identify stronglyconnectecomponent$SCCs)in Ssq
2. Let C bethesetof SCCs
3. Mergeadjacentomponentin C thatareagyclic
if oneof themdominateghe other
4. foreach(c 2 C in top-dawn topologicalorder)do
5 if (cis notrecursve)then
6. generatehe queryfor ¢ usingSQLForDAG(c)
7 else
8 generatehe queryfor ¢ usingSQLForRecursie(C)
[l arelationalqueryT (n) is associateavith
I/l eachleafnoden now
endFor
9. Let®nalQbel , is aleafnode®select from T (n)°
10.If (duplicateeliminationis required)then
11. Outputthequerydselecdistinct(*) from ®nalQ°
12.elseoutputthe query@select from ®nalQ°
end

Figure 6. SQLGenAlgorithm for recursive map-
ping schemas

THEOREM 1 Therunning time of the Pathld stage for an
SPEqueryis O(n  nj3), while for a GSPEquery therun-
ningtimeis O(nZ ng).

3.2 SQLGerstage

Oncewehaveidenti ed all matchingpathsin theschema
S correspondingto query Q, we have a cross-product
schemaSsq with all the matchingpathsencodedn it. In-
formally, the union of all root-to-leafpathsin Ssq corre-
spondsto the queryresult. A simple algorithmto gener
atean SQL querycorrespondingo Q is to returnRQ =

RtoL (1) overall leaf nodesin Sgg. While thisis agood
algorithmwhenSsg is atree,it doesnotsufce whenSsqg
is a DAG or is recursve. If Sgq is a DAG, thenthe num-
ber of matchingpathsmay be exponential. Moreover, by
unfoldinga DAG we may alsobe missingshareccomputa-
tion in theform of commonsubepressionsn the nal SQL
qguery So,we needto somehaev re ect the DAG structure
of Ssq in the SQL query Similarly, if Ssq is recursve,
thenRQ is theunionof in nite queries.In this sectionwe
shav how usingthe supportfor linear recursionin SQL99
(with operatoralongwith theouterunionapproachye can
constructhe equivalent( nite!) SQL queryfor arecursve
cross-producschema.

In orderto illustrateour algorithmfor handlingcomplex
cross-producschemawe usethe schemagraph$S in Fig-
ure7. Notice how this scheméiasa DAG partandarecur
sive part. The edgeannotationsare omittedfor clarity. We
usethe shorthand to denotethe schemanodecorrespond-
ing to elementEi andreferto theelemid nodeasnodell.

EO RO
:/\
R1E1 2R2
* *
R3E3 X

N
R4E4 R5ES5 R7E7<—— E8RS
X - E\ V.

R6E6 E9R9

T

E¢10 R10

elemid
R10.elemid

Figure 7. Sample recur sive schema

We explainthealgorithmby runningthroughthe evaluation
of thequeryQ = =E0==E10 on the schemagraphS in
Figure 7. The Pathld stagewill resultin a cross-product
schem&bsq identicalto S. Notice how sinceE 10is aleaf
node,we addthe elemid attribute nodeto Ssq andmake
thattheacceptingstate.

The outline of the algorithmis givenin Figure 6. We
rst identify thecomponentin Sgq thatarerecursve. The
rest of the nodesare groupedinto a setof non-recursie
components.We perform this computationby rst iden-
tifying the stronglyconnecteccomponentsn Sgqg (stepl)
andthenmemingadjacennhon-recursiecomponentsvher
ever possible(step3). Recallthat a componentc; domi-
natescomponent; if every pathfrom therootto anodein
C; passeghroughsomenodein c;. After the rst 3 steps
in Figure 6, there are threecomponentsn C. They are
c =10,1,2,3;4,5;,69,c, = f7,8;9gandc; = f10;11g
(Herenodell refersto theelemid node).We thenprocess
thesecomponent top-dowvn topologicalorder namelyc;
followed by c, followed by c3. For eachcomponentwe
generatehe appropriaterelationalqueries. In the process,
we associat@ temporaryrelationT (n) with every schema
noden thatis eitheraleaf nodeor hasa child nodein adif-
ferentcomponentOncewe have processedll components,
we generatghe nal relationalqueryin steps10-12using
thetemporaryrelationsde ned earlier

Thealgorithmfor generatingsQL queriescorresponding
to a non-recursie anda recursve componengre givenin
Figures8 and9 respectiely. We discussthesein the next
two subsections.

3.2.1 Handling a non-recursive component

For non-recursie componentsa straightforward approach
is to translateeachpathin the DAG componentnto a SQL
gueryandtake the unionof all thesequeries.However, the
numberof pathscanbe exponentialin the sizeof the com-
ponent. The questionariseswhetherthereis ary way in



procedure SQLFromDAG(c)
begin
1.LetN bethesetof nodesn c with either
aparentor achild in adifferentcomponent
2.Addary nodein cto N if it corresponds
to aleafnodein S.
3.Addall nodesin ¢ with > onein-comingedgeto N
4.Addall nodesin ¢ with > oneout-goingedgeto N
5.With eachnoden 2 N, associat@ uniquetemporary
relationT (n)
6.foreach(n 2 N in top-davn topologicalorder)do
7. llgenerateSQL fragmentto populateT (n)
8. foreach(in-comingedgee into n) do
9. Backtrackalongetill eitheranodem 2 N
oranodem 2 cis obtained.
10.  Lettheuniquem to n pathbep
11. Generaté&sQL(p) usingT (m) astherelation
correspondingo m
12.  //Othernodeandedgeannotationsn Ssq are
/lsameasunderlyingonesin the mappingS
13.  CallthisquerySQL(e)
14. T(n) is de®nedastheunionof all the SQL(e)
15.endfer
end

Figure 8. SQLGerAlgorithm for DAG component

whichwe canat leastguarantea querythatis polynomial
in thesizeof the DAG componentWe show thatthisis im-

possiblef we only considerrelationalqueriesnvolving the
select, project, join andunion operation{SPJUqueries).
We formalizethis claim asfollows. Let C; denotetheclass
of relationalqueriesvhoserelationalalgebraexpressiorhas
theselect project,join andunionoperatorsL et the sizeof

aquerySQ 2 C;, RellnstSQ), bethe numberof relation
instancesn therelationalalgebraexpression.Thenwe have
thefollowing result.

THEOREM 2 Thee is a family of mappingschemasSG
sud that, for each schemaS; 2 SG,thereis a simplepath
expressionqueryp; that hasthefollowing property No re-
lational querySQ 2 C;, whosesizeis polynomialin the
sizeof S; andp;, is a correcttranslationfor p; .

The proof for the above theoremis basedon the fact that
thereareinstance®f agyclic DeterministicFinite Automata
(DFA) whoseminimum equialentregular expressionis of
lengthO(n'9 ") [11].

It turnsout thatwe canusethe with clauseto solve this
problem. Even thoughthe with clausewas primarily in-
troducedfor supportingrecursve queries,it also provides
uswith a mechanisnfor creatingtemporaryrelationsin a
SQL query So,wheneer thereis somecomputationthat
canbe sharedby multiple paths,we createatemporaryre-
lation correspondingo this sharedcomputationyhich can

be usedrepeatedlyn therestof thequery Noticehow cre-
ating temporaryrelationsin the queryallows usto reduce
the sizeof the generatedSQL queryfrom (potentially) ex-

ponentiain thesizeof thecomponento aguaranteegoly-

nomialbound.

Component; is non-recursreandanexampleof aDAG
component. We usethe algorithm for generatingthe re-
lational query correspondingo a DAG componentgiven
in Figure 8. We associateaemporaryrelationswith ary
nodethatis eithera leaf node (part of the nal queryre-
sult), hasa parentor child in a different component,or
representshareccomputatior{multipleincoming/outgoing
edges).For component;, thesetN isN = f2;3;6g. So,
we generaté&SQL with clausedor threetemporaryrelations
correspondingo T(2); T(3) andT(6) in thatorder The
guerycorrespondingo T (3) is givenbelow.

with T3 as (
select R3.*
from RO, R1, R3
where RO.id = Rl.parentid and
R1.id=R3.parentid and R3.parentcode=1

union all
select R3.*
from T2, R3

where T2.id=R3.parentid
)

and R3.parentcode=2

Noticehow thequeryis theunionof two subqueriespne
correspondingo eachin-coming edgeinto node3. Also
notehow we useT 2 in thede nition of T3, asnode22 N
andhasatemporaryrelationassociateavith it. In asimilar
fashionthequeryfor T6é will have T 3in it. Thisillustrates
how sharedcomputationcanbe ef ciently re ectedin the
relationalquery We would like to point out thatthe useof
the with clausehastwo bene ts. Firstly, it avoids the po-
tential sizeblowup for complex DAG schemaSecondlyit
representshe sharedcomputationacrossdifferentroot-to-
leaf pathsexplicitly. The relationaloptimizer can choose
from the two optionsof eithersharingcomputationacross
differentfragmentsn the nal executionplanor unfolding
thewith clausento theunionof severalconjunctvequeries.
In fact, we know of onecommerciaRDBMS whoseopti-
mizer doesthis exploration. On the otherhand,if we did
notusethewith clausen the SQL query thentherelational
optimizerhastheadditionaltaskof nding commonsube-
pressionswhichis known to beadif cult task.

3.2.2 Handling a recursive component

Let usnow look at how to generataghe relationalqueryfor
arecursve componentThis algorithmis givenin Figure9.
For eachrecursve component, we associate temporary
relationTgr whoseschemas theouterunionof theschemas
of relationsannotatingsomenodein Tg andgeneratere-
cursive queryfor Tr asfollows. A recursve queryhastwo



procedure SQLFromRecursie(c)
begin
1. Let Tr beatemporaryrelationwhoseschemas the
outerunionof all relationsin ¢
/IConstructheinitialization queryfor Tr
. foreach(in-comingedgee into ¢ from noden 2 ¢) do
Letn®2 cbethetagetof e
4. LetQe bethequery:
selectR2.*,id (n)
from T(n) R1,Annot (n% R2
whereAnnot (e) andR2.parentid= R1.id°
Null padQ. appropriatelyto re ectouterunionschema
LetQint be[ Qe overall in-comingedgese
/IConstructherecursve partfor Tr
7. foreach(edgee with bothend-pointsn c¢) do
8. Letebefromnjton;
9
1

w N

2

if (e correspondso ajoin edge)then
0. LetQe bethequery:
selectR2.*,id(nz)
from Tr R1,Annot (n2) R2
whereR1.schemanodeid(n;) and
R2.parentid= R1.idandAnnot (€)
11. else
/le correspondso a selectionor n» is adummynode
12.  LetQe bethequery:
selectR1.*,id(n2)
fromTgr R1
whereR1.schemanode id(ni) andAnnot (€)
13. Null padQ. appropriately
14.Let Qrec be[ Qe Wheretheunionis takenover
edgese with bothend-pointsn ¢
15.Tr is arecursve queryde®nedwith Qn: asthe
initialization conditionandQy «c asthe
recursve component
16.With eachnoden 2 ¢ we associat¢hequeryT (n):
selectt from Tr whereschemanode id(n)
end

Figure 9. SQLGenAlgorithm for recursive com-
ponent

parts,aninitialization partanda recursve part. Theinitial-
ization partfor the queryde ning Tr (steps2-6) captures
all incomingedgesinto ¢ from a differentcomponent.For
thecomponent;, therearetwo suchedgeq2; 8) and(3;7)
andtheinitialization partwill betheunionof two conjunc-
tive queries,one for eachincoming edge. The recursion
in the component is capturedby the recursve part of the
de nition of Tr. Eachedgein c is translatednto a query
asshawn in steps8-13 andthe recursve part of the query
de ning Tg is theunionacrossall edgeswithin thecompo-
nent.For thecomponent;,, therearefour edgesandsothe
recursve queryQy ¢ is theunion of four recursve queries.
In this caseall four edgesarejoin edges.For example,the
edge(8; 7) will translateto thefollowing query:

select R7.*, id(7)

from TR, R7

where  R7.parentid=TR.id
and R7.parentcode=8

and TR.schemanode=id(8)

Noticehow theconditionTR.schemanode ensureshat
theparentuplecorrespond$o schemanode8 andtheother
conditionscapturethe annotation®n the edge.By project-
ing theid of the child node,we ensurethatthe queriesfor
outgoingedgesrom node7 canbe correctlyconstructed.

Returningto the examplequery nally, componentcs
is non-recursie and we generatehe equivalentrelational
gueryusingthealgorithmin Figure8.

If Ssq hastwo root-to-leafpathsmatchingthesamepath
in S, thenduplicateeliminationis requiredandwe addthe
distinctclause(recalldiscussionn previoussection stepl6
in Figure5). In suchascenariofor eachleafnoden 2 Ssq,
theid of n andthe key columnof R, whereAnnot (n) =
R:C alsohave to be projectedalongwith Annot (n) while
creatingthetemporaryrelationsT (n).

For arecursive componentC, let Nc denotethenumber
of columnsin theouterunionschemdor C. Thisis thesum
of thenumberof columnsoverall relationsannotatingsome
nodein C. For a mappingschemés, let N (S) denote
the maximumacrossall valuesfor N¢c over all recursve
componentén S.

THEOREM 3 For amappingschemaS andqueryQ, letthe
outputof thePathld stage, Asg haveV nodesandE edges.
TheequivalentSQL querycan be obtainedusingthe SQL-
Genalgorithmin O((V + E) N&# (Asgq)) time

Theproofis omitteddueto lack of space.
3.3 Preliminary Evaluation of Running Time

We implementedheabove algorithmfor evaluatingSPE
gueriesover a genericXML-to-Relationalmapping.Using
the XMark benchmarkschema[31] and SPE query frag-
mentsthatappeain theassociateduerytestsuite,we eval-
uatedthe equivalent SQL queriesusing the above query
translationalgorithm. The XML-SQL query translation
procesgook lessthanémsfor eachSPEquery The XML-
to-Relationaimappingschemahas101 nodes.We alsoob-
senedthatin all casesthesizeof thecross-producschema
waslessthan100nodes(thesizeof theschema).

In orderto testthe running time of the algorithm un-
derextremescenarioswhenthe cross-producschemanay
havens nq stateswe usedamorecomplex XML schema.
This mappingschemawas a completegraph of n nodes
and all transitionswere on a single label x. We then
measuredhe runningtime of the querytranslationfor the
query/IxIIxIIxIIxlix, which has5 steps. The cross-product
automatorhasapproximatelydn statesand4n? transitions.



Table 1. Execution time of translation algo-
rithm

Cliquesize(n) | Time Taken(ms)
5 6
10 19
20 80

Therunningtime for differentvaluesof n aregivenin Ta-
ble 1.

Notice how while the running time shavs a quadratic
growth dueto the quadratidncreasean the numberof tran-
sitionsin the schemait is still smallfor reasonablelique
sizes. The size of every recursve componenthatwe have
seenin real-world DTDs hasbeenlessthan10. Sowe be-
lieve thatthe runningtime of our translationalgorithmwill
besmallin practice.

4. Extensionsto more complex path expres-
sions

In this section,we brie y describeour approacho han-
dle branchingpathexpressiormqueriesandreconstrucXML
subtrees.

4.1 Branching path expressionqueries

Let us rst considerthe classof branchingpathexpres-
sion(BPE)querieghathave a singlepredicateat theendof
thepathexpressionThesequeriesareof theform p1[pz] or
p1[p2 opvalug, wherep; andp, areGSPEqueries.

The Pathld stageworks asfollows. First, we compute
the setof all satisfyingpathsfor the GSPEqueryp;. Let
Asq betheresultingcross-produchutomatorandlet F be
thesetof nal statesFor eachf 2 F, we computeanaux-
iliary automatonApreo(f ), thatcorrespondso evaluating
the pathexpressiomueryp, with f asthe startstate.

In the SQLGenstage,we rst computethe SQL query
correspondingo Asq without the predicates. Now, for
each nal statef 2 F, we addthe SQL fragmentcorre-
spondingto the predicateasfollows. Let T (f ) bethetem-
poraryrelationcorrespondingo the statef . Thenwe adda
with clauseof theform

with  T_Pred as (

select *
from T
where exists  (PQ)

)

wherePQ is the query correspondingo the predicateau-
tomatonApreo(f ). The nal queryis the union of all the
T_Predrelations.

Let usnow consideramoregeneraBPE querywith one
or morepredicate®ccurringin ary stepof the pathexpres-
sion. This queryis of theform pif Pred,g: : :pkf Predg,
where each p; is a GSPE query and each Pred is
of the form p; or pjopvalue An example query is
Q =/Isection[//captior= “v1']//itle. Our algorithm pro-
ceedsasfollows:

In the Pathld stage,we rst apply the above procedure
to evaluatep:f Pred,g. Let F bethesetof nal statesin
the resultingautomaton. Thenwith F asthe setof start
stateswe computep,f Pred,g. We continuethis process
k timesto obtainthe automatorfor the entirequery The
SQLGenstageis alsoextendedin a similar mannerto pro-
cesgheresultingautomaton.

Let PrimaryPath(Q) bethe queryPP(Q)= p1p2:::pk-
If the cross-productautomatonobtained from As and
App () is not empty thenthe above algorithmmay gen-
erateduplicateresultsand we add a distinct clauseto the
nal SQL query We illustratewhy this is neededwith an
example. Considerthe evaluationof Q over the mapping
scheman Figurel. The sectionnodes4 and7 matchthe
pathexpression/section. In otherwords,ary instanceel-
emente in an XML documentcorrespondingo either of
theseschemanodeswill matchthis pathexpressionOnthe
otherhand whethere will match//section[captiorr "v1'] is
goingto dependnwhethere satis esthe predicate Notice
how while (incoming)structuralconditionscanbe veri ed
duringquerytranslationtime (without looking at the data),
predicateconditionsdependn thedata.So,givena pair of
parent-childsectionelementsel ande,, matchingnodes
and 7, while we canbe surethat both match//section,we
cannotbe sureof whetherone or both of themwill match
the predicateat querytranslationtime. So,the SQL query
hasto handleall possiblecasesandasa result,it may pro-
duceduplicateresults(whenboth of themsatisfythe predi-
cate thenthechild of e, will appeatwice in theresult).

4.2 Reconstructing XML subtrees

In [12, 26], algorithmswerepresentedor reconstructing
XML subtreesvhenthe mappingschemas atree. In this
section,we describehow to handlethe reconstructiorof a
recursve componenanda DAG component.

Notice thatthe SQLGenalgorithmfor handlinga recur
sive componenin Figure9 actuallyreconstructshe XML
datacorrespondingo the entirerecursive componentBut,
whatis missingin orderto reconstructhe XML subtreds
structuralinformationaboutthe differentelements.Recall
thatin [12, 26], this could be determinedstaticallyasfor a
treeXML schemathe numberof distinctroot-to-leafpaths
is x ed. On the otherhand,for recursve componentsye
needto constructthe root-to-leafpathdynamically Notice
thattheschemanode columnin relationTr keepdrackof



the schemanodecorrespondindo the tuple. We maintain
anadditionalrtol columnthatkeepstrack of the pathfrom
theroot of the subtreebeingconstructedThis is similar to
theapproaclproposedn [29] for constructingdenvey num-
bersdynamically

In orderto handlea DAG componentwe have two op-
tions. We couldeitherunroll the DAG into atreeandapply
prior techniques.If this mayleadto a size explosion,we
could reconstructa DAG directly by keepingtrack of the
root-to-leafpathasmentionedabove.

4.3 Handling order in XPath semantics

Accordingto XPath semanticsthe resultsof a pathex-
pressionquery have to be returnedin documentorder In
orderto supportthis, the schema-baseshreddingof XML
into relationswill needto maintain the relative position
amongsibling XML elementsn someform. This wasthe
primary focus of [29], where solutionswere proposedto
handleorderin XML for anarbitrary querytranslational-
gorithm. Hence,in particular their techniquesanbeinte-
gratedwith our algorithmin a straightforvardfashion.

5. Related Work

The prior literatureon XML-to-SQL query translation
canbebroadlyclassi edinto threeareas (1) schema-based
XML storage,(2) schema-obliious XML storageand (3)
XML Publishing.

A numberof approachefave beenproposedor using
anRDBMSto storeandqueryXML datain aschema-based
fashion3, 18, 20, 28, 29]. Themainfocusof [3, 18, 20, 28]
wasde ning a“good” relationalschemdor thegiven XML
schema.In [28] the generalapproacho translatingXML
queriesinto SQL is illustratedwith exampleswithout ary
algorithmic details. In [29], the focusis on supporting
orderbasedqueries. The authorsgive an algorithm for
theschema-obliiousscenaricandbrie y mentionhow the
ideasfor addingsupportto orderbasedjueriescanbe ap-
pliedwith ary existing schema-baseabproachWe arenot
awareof ary publishedXML-to-SQL querytranslational-
gorithmin this scenario.

Severaltechniquesave beenproposedor the schema-
obliviousXML storagescenarid9, 15, 24, 32] approaches.
Eachof theseapproachegexcept[9]) proposedh x edre-
lational schemafor storingthe XML dataand algorithms
werepresentedor translatingpathexpressionqueriesinto
SQL. In [9], therelationalschemas decidedbasedon the
XML data.Sincethetechniguegreschema-obliious,they
areapplicableirrespectve of whetherthe XML schemais
recursve or not. Thetechniqueslsoconsiderthe presence
of the// axisin pathexpressiorgueries.n [8], analgorithm
for translatingmore generalXQuery queriesinto SQL is

presentedOur work is complementaryo thesetechniques
becausewne considerthe query translationproblemin the

schema-basedML storagescenario. In [29, 30, it was

shavn that for mary query workloadsover non-recursie

XML schema,schema-basedhreddingapproacheyield

far better performancethan schema-obliious shredding.
So, it is concevablethat the sameresultholdsin a num-

ber of scenarioevenwhenthe XML schemaand/orquery
is recursve.

In the XML Publishingscenario,there hasbeena lot
of work on translatingcomplex XML queriesinto SQL [4,
10, 12, 13, 16, 19, 21, 25, 26]. While the classof XML
gueriesconsideredarefairly complex in theseapproaches
(a signi cant subsetof XQuery/XSLT), the focus is on
(non-recursie) tree XML schemas. In contrast,our fo-
cus is on XML-to-SQL query translationover recursve
XML schema.While someof the above techniqueshan-
dle//in theXML queryby enumeratingll satisfyingpaths,
we present differentsolutionthatrepresentall satisfying
pathsin amorecompactmanner

In [2], analgorithmfor reconstructinga recursive XML
view waspresentedTheir solutiondoesnot usethe support
for recursionn SQL andsimulategherecursionn middle-
wareinstead.In contrastwe shav how we canusethe sup-
portfor linearrecursionin SQL99andby combiningit with
the“outer union” approactconstructasingleSQL queryto
reconstrucarecursve XML subtree.

A more detaileddescriptionof the existing published
work on XML-to-SQL querytranslationin the above three
scenarioss givenin [17].

Therehasbeensomework on optimizing queriesin a
semi-structureframework[5, 14, 22] usinggraphschemas.
Thesetechniquesare similar to the Pathld stageof query
translation,and we adaptedthe cross-productiutomaton
techniqueproposedn [14], for the Pathld algorithmin Sec-
tion 3.1.

In[1, 23], algorithmsfor minimizingtreepatternqueries,
both in the presenceand absenceof XML schemainfor-
mation,arepresentedThesealgorithmsremove redundant
partsof the XML querythatareimpliedby eitherotherparts
of the queryor by the XML schemaor a combinationof
both. Thesealgorithmsarecomplementaryo our algorithm
andcanbeusedasthe rst stageo minimizetheinput XML
queries.

6. Conclusions

We presentecdh genericalgorithmto translatepath ex-
pressiorgueriesto SQL in the presencef recursionin the
XML schemandqueries.Thisalgorithmis applicableover
a wide classof techniquedor schema-baseshreddingof
XML into relations. We alsoshoved how the with clause
in SQL99is usefulin XML-to-SQL querytranslationover



DAG XML schemaandhow the supportfor linear recur
sionin SQL99is sufcient for translatingpath expression
gueriednto asingleSQL queryoveranarbitrary(recursve)
XML-to-Relationalmapping.

Thealgorithmpresentedh this paperfor translatingoath
expressionqueriesinto SQL can be adaptedto the “Pub-
lishing” domainaswell. The detailsof the algorithmwiill
changebasedntheview de nition languagebut themain
ideasabouthow to handlerecursveschemadDAG schemas
andrecursve queriesremainthesame.

There are a number of avenuesfor future research.
Extending the work in this paperto perform XML-to-
SQL querytranslationfor morecomplex FLWOR XQuery
guerieswhenthe XML schemas recursve, is open.Com-
paring the schema-basednd schema-obliious solutions
for XML storagen the presenc®f recursve XML schema
is anotherimportantareafor future research. Similarly,
combiningthe interval-basedechniquesusedin XML-to-
SQL query translationin the schema-obliious scenario
alongwith thetechniquegproposedn this paperis another
interestingavenuefor futurework.

Acknowledgement: This work was supportedn part by
NSF grantsITR-0086002and CCR-0208013,and a Mi-
crosoftfellowship.

References

[1] S. AmerYahia,S. Cho,L. V. S. LakshmananandD. Sri-
vastaa. Minimization of treepatternqueries.In SIGMOD,
2001.

[2] M. Benedikt,C.Y. Chan,W. Fan,R. Rastogi,S.Zheng,and
A. Zhou. DTD-DirectedPublishingwith Attribute Transla-
tion Grammarsin VLDB, 2002.

[3] P.BohannonJ. Freire,P. Roy, andJ. Simeon. From XML
schemaorelations:A cost-basedpproacho XML storage.
In ICDE, 2002.

[4] P. Bohannon, H. Korth, P. Narayan, S. Ganguly and
P. Sheng. Optimizing view queriesin ROLEX to support
navigabletreeresults.In VLDB, 2002.

[5] P.Bunemans.B. Davidson,M. F. FerrandezandD. Suciu.
Adding structureto unstructurediata.In ICDT, 1997.

[6] B.Choi. WhatAre RealDTDsLike. In WebDB 2002.

[7] T.H. Cormen,C. E. LeisersonandR. L. Rivest. Introduc-
tion to Algorithms MIT Press1990.

[8] D.DeHaanD. Toman,M. P.ConsensandT. Ozsu.A Com-
prehensie XQueryto SQL Translationusing DynamicIn-
tenal Encoding.In SIGMOD, 2003.

[9] A. DeutschM. FerrandezandD. Suciu. Storingsemistruc-
tureddatawith STORED. In SIGMOD, 1999.

[10] A. DeutschandV. Tannen MARS: A Systenfor Publishing
XML from MixedandRedundanStorage.In VLDB, 2003.

[11] A. EhrenfeuchandP. Zeiger Compleity measuresor reg-
ularexpressionsJournal of Computerand Systensciences
12,1976.

[12] M. FernandezA. Morishima,andD. Suciu. Ef®cientEval-
uationof XML Middle-wareQueries.In SIGMOD 2002.

[13] M. Ferrandez,D. Suciu,andW. Tan. SilkRoute: Trading
BetweenRelationsandXML. In WWW92000.

[14] M. F. FernandeandD. Suciu. Optimizingregular pathex-
pressionsisinggraphschemasin ICDE, 1998.

[15] D. FlorescuandD. Kossman.Storingand Querying XML
Datausingan RDBMS. Data EngineeringBulletin, 22(3),
1999.

[16] S.Jain,R.Mahajan,andD. Suciu. TranslatingXSLT Pro-
gramsto Ef®cientSQL Queries.In WWW 2002.

[17] R.Krishnamurthy R. Kaushik,andJ. F. Naughton. XML-
SQL QueryTranslationLiterature: The Stateof the Art and
OpenProblems.In XML DatabaseSymposiun2003.

[18] D. Lee andW. Chu. Constraints-preservingransforma-
tion from XML DocumentType De®nition to Relational
Schemaln ER, 2000.

[19] C. Li, P. BohannonH. Korth, and P. Narayan. Compos-
ing XSL Transformationsvith XML PublishingViews. In
SIGMOD 2003.

[20] M. Mani andD. Lee. XML to relationalcorversionusing
theory of regular tree grammars. In VLDB Workshopon
EEXTT, 2002.

[21] 1. Manolescu,D. Florescu,and D. Kossman. Answering
XML queriesover heterogeneoudatasources. In VLDB,
2001.

[22] J.McHughandJ. Widom. Compile-timepathexpansionin
lore. In Workshopon QueryProcessingor SemiStructued
Data and Non-Standat Data Formats January1999.

[23] P.RamananEf®cientalgorithmsfor minimizingtreepattern
queries.In SIGMOD, 2002.

[24] A. SchmidtM. KerstenM. WindhouwerandF. Waas.Ef®-
cientRelationalStorageandRetrieval of XML Documents.
In WebDB 2000.

[25] J.ShanmugasundarathKiernan,E. J. ShekitaC. Fan,and
J. Funderlirk. QueryingXML views of relationaldata. In
VLDB, 2001.

[26] J. Shanmugasundarank. Shekita, R. Barr, M. Carg,
B. Lindsay H. PiraheshandB. Reinwald. Ef®ciently Pub-
lishing Relational Data as XML Documents. In VLDB,
2000.

[27] J. Shanmugasundarar®, Shekita,J. Kiernan, R. Krishna-
murthy S. D. Viglas,J. Naughtonandl. Tatarinor. A gen-
eraltechniquéor queryingxml documentsisingarelational
databassystem.SIGMODRecod, 30(3),2001.

[28] J. Shanmugasundarar{, Tufte, G. He, C. Zhang,D. De-
Witt, andJ. Naughton. RelationalDatabase$or Querying
XML DocumentsiimitationsandOpportunitiesin VLDB,
1999.

[29] I. Tatarinay, S.D. Viglas,K. Beyer, J. Shanmugasundaram,
E. Shekita,and C. Zhang. Storing and queryingordered
XML usingarelationaldatabassystemIn SIGMOD, 2002.

[30] F Tian,D.J.DeWitt, J.Chen,andC. Zhang.Thedesignand
performancevaluationof alternatve xml storagestratagyies.
SIGMODRecod, 31(1),2002.

[31] Xmark: The xml
http://monetdb.cwi.nl/xml/index.html .

[32] M. Yoshikava, T. Amagasa,T. Shimura,and S. Uemura.
XRel: a path-basedapproachto storageand retrieval of
XML documentsusing relationaldatabases.ACM Trans-
actionson InternetTechnolayy (TOIT), 1(1):110-1412001.

benchmark  project.



