
RecursiveXML Schemas,RecursiveXML Queries,and Relational Storage:
XML-to-SQL Query Translation

RajasekarKrishnamurthy VenkatesanT. Chakaravarthy Raghav Kaushik Jeffrey F. Naughton
Universityof Wisconsin-Madison

f sekar,venkat,raghav,naughtong@cs.wisc.edu

Abstract

Weconsidertheproblemof translatingXML queriesinto
SQLwhenXML documentshavebeenstoredin anRDBMS
usinga schema-basedrelational decomposition.Surpris-
ingly, there is no publishedXML-to-SQLquery transla-
tion algorithmfor thisscenariothathandlesrecursiveXML
schemas.We presenta genericalgorithmto translatepath
expressionqueriesinto SQL in the presenceof recursion
in theschemaandqueries.This algorithmhandlesa gen-
eral classof XML-to-Relationalmappings,which includes
all techniquesproposedin literature. Someof the salient
featuresof this algorithm are: (i) It translatesa path ex-
pressionqueryinto a singleSQLquery, irrespectiveof how
complex theXML schemais, (ii) It usesthe“with” clausein
SQL99to handlerecursivequeriesevenovernon-recursive
schemas,(iii) It reconstructsrecursiveXML subtreeswith
a singleSQLqueryand (iv) It showsthat the supportfor
linear recursion in SQL99is suf�cient for handling path
expressionqueriesover arbitrarily complex recursiveXML
schema.

1. Intr oduction

This paperis the�rst to presenta genericalgorithmthat
translatespathexpressionqueriesto SQL in the presence
of recursionin theschemain thecontext of schema-based
XML Storage shreddingof XML into relations. Here,we
referto pathexpressionquerieshaving thedescendantaxis
(//) asrecursive XML queriesandto techniquesthat store
XML datainto an RDBMS basedon an XML schema(or
DTD) asschema-basedXML Storagetechniques.

Thereadermayjusti�ably beskepticalof thisclaim. Af-
terall, therehavebeenmany schema-basedtechniquespro-
posedfor shreddingXML datainto relations[3, 18, 20, 28].
There has also beena lot of work on schema-oblivious
shreddingof XML into relations[9, 15, 24], wherethetar-
getrelationalschemais �x edobliviousto theXML schema.

Moreover, therehasbeena greatdealof work on translat-
ing XML queriesinto SQL [4, 12, 16, 21, 25, 27] in the
context of publishingexisting relationaldataasXML (the
“XML Publishing”scenario).It seemsplausiblethatsome-
wherein all this work mustlie thesolutionto theproblem
weclaimto solvein thispaper. Unfortunately, thatis notthe
case— noneof this previouswork solvesthequerytrans-
lation problemfor schema-basedshreddingin thepresence
of recursionin theXML schema.

Firstly, while [20, 28] proposeschema-basedXML
shredding methods applicable over recursive XML
schemas,there has been no publishedwork presenting
algorithmsfor translatingXML queriesinto SQL in this
context. Secondly, while the schema-oblivious methods
(for example,theEdgeapproach[15]) canhandlerecursive
schemasand recursive querieswith ease,the query trans-
lation algorithmsfor theseapproachesare not applicable
in the context of schema-basedshredding. Finally, in
the “Publishing” domainthe classof XML schemasthat
have been consideredincludes only (non-recursive) tree
schemas.

At this point thereadermaybewonderingif this gapin
the literatureexists becausethe problemis not well moti-
vated. We think that is not the case. In a recentstudyof
real-world DTDs [6], out of the 60 DTDs analyzed,more
thanhalf (35) of themwererecursive, which suggeststhat
recursive XML schemasarecommonin practice.Further-
more, recursionis ubiquitousin XML queries,as it ap-
pearsin any pathexpressionthat usesthe descendantaxis
(//). Finally, there is a growing body of work suggest-
ing that for many query workloads,schema-basedshred-
ding approachesyield far betterperformancethanschema-
obliviousshredding[29, 30].

We presenta genericalgorithmthat translatespathex-
pressionqueriesto SQL in thepresenceof recursionin the
XML schemaandqueriesin the context of schema-based
shreddingof the XML into relations. This algorithm al-
waysoutputsan SQL queryof sizepolynomial in sizeof
theinput XML-to-RelationalmappingandtheXML query.
An interestingaspectof this is thatweneedtheSQL99with
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Figure 1. Sample XML­to­Relational mapping
schema

constructto get this bound. This is not merelyan artifact
of our algorithm,asweshow thatif we restrictourselvesto
only SPJU(select,project, join, union) relationalqueries,
thenno algorithmcangive this polynomialsizeguarantee
evenfor non-recursiveschemas.Wealsoshow how thesup-
port for linearrecursionin SQL99is suf�cient for translat-
ing a pathexpressionqueryinto a singleSQL queryfor an
arbitraryXML-to-Relationalmapping.We alsoshow how
wecanreconstructrecursiveXML subtreesin asingleSQL
query.

Therestof thepaperis organizedasfollows. We�rst de-
scribetheclassof XML-to-Relationalmappingsconsidered
in this paperin Section2. We thenpresentthe algorithm
to translatepathexpressionqueriesinto SQL in Section3
whenboth the XML schemaandquerymay be recursive.
We thenextendthealgorithmto handlebranchingpathex-
pressionqueriesandreconstructXML subtreesin Section4.
We discussrelatedwork in Section5 andpresentour con-
clusions.

2. Formal Model

In orderto expressour translationtechniques,weneeda
representationfor XML to Relationalmappings.Any rea-
sonablerepresentationwould serve our purpose;for con-
creteness,in this sectionwe presenta formal way to repre-
sentXML to Relationalmappingsthatcoversall thelossless
mappingtechniquesproposedin 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 verticescorrespondto elementsandat-
tributesandtheedgesrepresentcontainment(parent-child)

relationships.Theverticesarelabeledwith thenameof the
elementor attribute. The edgeshave an additionalmulti-
plicity labelthatcantake a valuefrom f ?; � ; + ; � g. A sam-
ple non-recursiveschemagraphis given in Figure1. With
eachschemanode,we associatean integer to identify the
node. If the schemagraphis a tree,thenwe call it a Tree
schemagraph. If it is acyclic, we call it a DAG schema
graph(directedacyclic graph).Otherwise,it is a recursive
schemagraph.

2.2. XML to Relational Mappings

We representthe mappingbetweenXML elementsand
relational columns through annotationson the schema
graph.For example,onewayof mappingtheXML schema
in Figure1 into relationsresultsin the following relational
schema.

� Book (id, title, : : : )

� Author (id, parentid,: : : )

� Section(id, parentid,parentcode,title, : : : )

� Para (id, parentid,: : : )

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

Theannotationsontheschemagraphin Figure1 correspond
to this decomposition.Eachnon-leaf(internal)nodein the
schemais associatedwith a relationname(shown next to
thenode).Eachleafnodeis associatedwith acolumnname
as well. The relationalschemainto which we shredthe
XML datais thesetof relationsthatoccurin thenodeanno-
tations. Eachrelationhasan id �eld, which is theprimary
key. In addition,parentidandparentcode�elds areincluded
asrequiredto preservedocumentstructure.

A nodeannotationfor a leaf noden, Annot (n), is of
the form R:C, whereR denotesa relationandC denotes
a columnin R. A nodeannotationfor a non-leafnoden,
Annot (n), is of the form R indicatinga relationnameR.
If a noden in the schemahasmultiple in-coming edges,
theneachof theseedgesis annotatedwith a conditionof
theform parentcode= val, indicatinga codefor theparent
of anelementmatchingn in thedocument.For a relational
columnR:C, wede�ne LeafNodes(R.C)to bethesetof leaf
schemanodesannotatedwith R:C.

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

� The decompositionalgorithmthat actuallyshredsthe
XML datainto relationsmustrespectthemapping.

� All the XML datamustbe completelyshreddedinto
relationsandno partof theXML datamustbe stored
multiple times.

� Theremustbe no datain the relationsotherthanthat
which is presentin theXML document.



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

Every losslessdecompositionschemewehaveencountered
in theliteraturesatis�estheaboveproperties.Weformalize
theseasfollows.

With every path p = <n 1; : : : ; nk > , we associatean
SQL query, SQL (p) asgiven in Figure2. Intuitively, the
SQLqueryretrievesfrom therelationalshreddingtheinfor-
mationthat appearedin portionsof the original document
thatmatchthepathp.

procedureSQL(pathp)
begin
addAnnot (n1) to theFrom clause
for (i from 2 to k) do

Let e betheedgefrom n i � 1 to n i

if (Annot (n i ) is differentfrom Annot (n i � 1)) then
addAnnot (n i ) to theFrom clause
addAnnot (n i � 1):id = Annot (n i ):parentid

to theWhere clause
elseif (Annot (e) is of theform parentcode= val) then

addAnnot (n i ) to theFrom clause
if (Annot (e) is of theform C = val) then

/* C maybeparentcode*/
Let thelastrelationaddedto theFrom clausebeR
addR.C= val to theWhere clause

Add Annot (nk ) = R:C to theSelect clause
/* if therearemultiple instancesof therelationR,

usethelastinstance*/
end

Figure 2. Query associatedwith a path p

With a leaf (schema)nodel , we associatea root-to-leaf
SQL query, RtoL (l ) asfollows. Let the root-to-leafpaths
to l be p1; : : : ; pm . Then,RtoL (l ) = [ m

i =1 SQL (pi ). The
union operationherepreservesduplicates.If the mapping
schemais recursive,thenumberof root-to-leafpathswill be
in�nite for certainleaf nodesandtheRtoL queryfor such
nodesis theunionof in�nitely many 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 = S1.parentid and S1.parentcode = 1

and S1.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 elementsthatsatisfyp. Thisis undermultiset
semantics.

2. For eachleaf nodel in the schema,RtoL (l ) returns
the valuesof all elements(attributes)associatedwith
l . This is undermultisetsemantics.

3. For every relational column R:C with LeafN-
odes(R.C)6= � , let Q be the SQL query: “se-
lect R:C from R”. Then,

Q =
[

l 2 Leaf N odes(R:C )

RtoL (l )

4. Consideredgee = <n i ; nj > whereAnnot (n i ) = Ri

andAnnot (n j ) = Rj or Rj :C. If Ri 6= Rj , thene
mustbeannotatedwith theconditionparentcode= i .

The�nal conditionensuresthat if a relationR j “points to”
morethanonerelation,thenby examiningtheparentcode,
wecan�nd outwhichrelationis beingpointedto by agiven
tuple. This informationis neededto reconstructthe origi-
nal XML data. We noteherethat if R j pointsto only one
relationin the entiremapping,thenthis annotationcanbe
omitted.

We refer to the annotatedschemagraphillustrating the
XML-to-Relationalmappingasthemappingschemagraph.
Any mappingschemagraphthat satis�es the above men-
tionedpropertiesis a valid mappingschema.

In general,we allow two additionalfeaturesin themap-
ping: selectionconditionsasedgeannotationsandpresence
of dummynodes.Any edgee from n1 to n2 mayhave an
optionalannotationof the form C = val, whereC is a col-
umn in the relationAnnot (n1). In XML documents,cer-
tainelementsmaybeintroducedjust to groupelementsthat
appearbeneaththem. We refer to suchschemanodesas
dummynodes.For example,we couldhave a dummySec-
tions nodein-betweennodes1 and4 to grouptogetherall
the sectionsin a book. An algorithmthat shredsthis doc-
umentinto relationsneednot take any actionon �nding a
dummynode.We candetectthatashreddingalgorithmhas
considereda noden to be a dummynodeby the fact that
(1) n is a non-leafnode,(2) n is annotatedwith the same
relationasits parent,(3) eachin-comingedgeis labeled�
and, (4) eachin-coming edgehasa null annotation. For
easeof exposition,we assumethat any non-leafnodethat
is not a dummynodehasanelemid attributethatuniquely
identi�es anelementwithin anXML document.

2.2.1. Path ExpressionQueries

A simplepathexpression(SPE)canbedenotedas“s1 l1 s2

l2 : : : sk lk ,” whereeachof the l i is a tag nameandeach
of the si is either = (denotinga parent-childtraversal)or
== (denotingan ancestor-descendanttraversal). Eachsi l i



pair is a navigationstepof thepathexpressionandk is the
numberof stepsin thequery.

A generalizedsimple path expression(GSPE)can be
denotedas “p1 p2 : : : pk ” where eachpi is of the form
p1

i jp2
i : : : pk i

i (ki � 1). Here,eachpj
i is a simplepathex-

pression.Eachpi thusdenotesa disjunctionof simplepath
expressions.Also, thespecialtagnamè *' matchesany tag
namein aGSPEquery.

The resultof a generalizedpathexpressionis thesetof
all nodesthatmatchthepathexpressionquery. This is sim-
ilar to XPathsemantics,wherethe resultis an orderedlist
of matchingnodes.We assumeanunordereddatamodelin
this paperanddiscusshow our algorithmcanbe modi�ed
to work in anorderedmodelin Section4.3. Therearetwo
possiblewaysto returnthesetof matchingnodes:

� Selectmode: For leaf nodes,this correspondsto re-
turningthevaluesof theelements.For non-leafnodes,
we return the 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 Recursive XML
schemas

In this section,we presentanXML-to-SQL querytrans-
lation algorithm over recursive mappingschemasfor the
classof generalizedsimplepathexpression(GSPE)queries
de�ned in Section2.2.1. We will assumethe Selectmode
in thissectionandpresentoursolutionfor theReconstruct
modein Section4.2.

Evaluating a path expressionquery over an XML-to-
Relationalmappingcanbe viewedasa two stageprocess:
(i) usethe XML query to identify the pathsin the XML
schemagraphthatsatisfythequery, and(ii) usetheannota-
tionsfrom theXML-to-Relationalmappingto constructan
equivalentrelationalquery. We refer to thesestagesasthe
PathIdandSQLGenstagesrespectively. Weexplainthetwo
stagesin thenext two subsections.

3.1. PathId stage

In the PathId stage,we executethe GSPEqueryQ =
p1 : : : pk onaschemagraphandidentify thesatisfyingpaths
in theschemagraph.Sincethemappingschemamaybere-
cursive, thenumberof pathsmaybein�nite, sowe cannot
enumerateall thepossiblematchingpaths.Evenwhenthe
mappingschemais non-recursive,for DAG schemagraphs,
it is possiblefor the numberof matchingpathsto be ex-
ponentialin thesizeof themappingschemaandthequery.

So,we shouldnot attemptto enumerateall completepaths.
Instead,just like theDAG schemagraphrepresentsshared
informationacrossmultiple pathsin a compactfashion,we
representthematchingpathsasa graph.This will allow us
to handlerecursive andnon-recursive mappingschemasin
a uni�ed fashion. As an addedbene�t, we shall seelater
how preservingthe relationshipacrossmultiple pathsthat
existedin the original mappingschemawill help us in the
SQLGenstage.

Considerthe evaluationof a query Q over a mapping
schemaS. We treatthemappingschemaasan automaton
AS andthe queryasan automatonAQ . We constructthe
cross-productautomatonASQ from AS andAQ . Weelimi-
nateall thedead-statesin ASQ andtheresultingautomaton
hasall thematchingpathsin it. This approachis similar to
theoneproposedin [14] for evaluatingregularpathqueries
over graphschemas.We illustrate the main idea with an
exampleandexplain the partswhereour algorithmdiffers
from theonein [14]. Thereaderis 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 shown next to it. Similarly, the query
Q = /book/section/titleis translatedinto theautomatonAQ ,
wherestate3 correspondingto thetitle elementin Q is the
acceptingstate.We constructthecross-productautomaton
ASQ andremove thedeadstates.Theresultingautomaton
ASQ is shown in the �gure. A statewith number(i; j ) in
ASQ representsa combinationof statei in AS with statej
in AQ . Sincestate3 in AQ is anacceptingstate,all states
with statenumber(i; 3) are acceptingstatesin ASQ (in
this casejust (5; 3)). Notice how ASQ hassimulatedthe
query over the mappingschemaand identi�ed the single
matchingpath.Thestatenumbersin ASQ illustrateexactly
how eachpathmatchedthequery. In general,AS andAQ

are non-deterministic,andas a result ASQ is also a non-
deterministicautomaton.Thiscross-productautomatoncan
thenbeviewedasamappingschemaSSQ . Thenode(edge)
annotationsfor SSQ arethesameastheunderlyingannota-
tionsin S.

ThePathIdstagefor thequeryQ1 = /book/section//title
is alsoshown in the �gure. Noticehow the // operationin
thequerytranslatesinto aself-looponnode2 in AQ1. Also,
therearetwo matchingpathsin theschemafor this query.
So,therearetwo root-to-leafpathsin thecross-productau-
tomatonASQ1.

For purposesof exposition,we assumethat all accept-
ing statesin SSQ correspondto a leaf nodein theoriginal
schema. If an acceptingstates 2 SSQ correspondsto a
non-leafnoden 2 S, we addthestatecorrespondingto the
elemid child of n asa �nal statein SSQ (insteadof s). In-
formally, thiscorrespondsto returningtheelemid'sof non-
leafnodesastheresultof thequery. Thiscorrespondsto the
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Selectmodedescribedin Section2.2.1.Wewill presentour
solutionfor theReconstructmodein Section4.2.

3.1.1. Handling XPath semantics

Accordingto XPathsemantics,the resultof a pathexpres-
sionqueryis a duplicate-eliminatedsequenceof nodes.So,
even if an elementhasmultiple derivationswith respectto
the query, it shouldappearin the query result only once.
For example,considertheevaluationof queryQ2 = //sec-
tion//title. Thecross-productautomatonASQ for thisquery
is given in Figure4. Notice how thereare two matching
pathsin ASQ for thetitle nodeunderthesecond-level sec-
tion (node9). This is dueto thefact thateitherof thesec-
tion nodesin S (4 or 7), canmatchthe//sectionpartof Q1.
For both the cases,the //title part of the query is matched
by the title node (node 9) in S. As a result, the /sec-
tion/section/title pathin the schemais replicatedtwice in
ASQ . So,if we constructa SQL querybasedon this cross-
productautomaton,we may getduplicateresults.But, ac-
cordingto XPathsemantics,we shouldreturneachsatisfy-
ing elementexactly once. In this section,we explain our
approachto handlingthis issue.

We �rst examinewhat the primary reasonfor the pres-
enceof duplicatepathsin ASQ is andhow we canavoid
it. Going backto the above example,we seethat the two
pathsfor book/section/section/titlehavethefollowing prop-
erty: the �rst componentof thenodesoccurringin thetwo
pathsareidentical,while the secondcomponentdiffers in
(at least)one place. In other words, a single path in the
schemagetsduplicated,oncewith eachof thetwo different
derivationsfor the query. So, if the queryautomatonis a
DFA, then the cross-productautomatonwill not have any
schemapathduplicated.

For anSPEquerywith k steps,we have analgorithmto
constructanequivalentDFA with k + 1 states.We explain
this algorithmusingthequeryQ2. Theresultingdetermin-
istic automatonAQD is shown in Figure4. We partition
thequeryinto blockssuchthateachblock 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) andadda
transitionto state1 on the labelsection. For any otherla-
bel,sincethereis aleading//, weaddatransitionintostate0



procedurePathId(Q,S)
begin
1. Let AS betheautomatoncorrespondingto S
2. If (Q is anSPEquery)then
3. Let AQ D betheDFA correspondingto Q
4. returnthecross-productautomatonA S Q D

5. Else// Q is a GSPEquery
6. Let AQ betheNFA correspondingto Q
7. Let A2

Q betheautomatonthatacceptsall stringswith
two or moreacceptingpathsin A Q

8. Computethecross-productautomatonA S Q 2

9. If (AS Q 2 is empty)then
10. returnthecross-productautomatonA S Q

11. Else
12. Convert AQ into a DFA AQ D

13. If (AQ D doesnothave anexponentialincreasein size)
14. returnthecross-productautomatonA S Q D

15. Else
16. returnthecross-productautomatonA S Q

17. // a distinct clauseneedsto beaddedin thiscase
18. // to the®nal SQLquery
end

Figure 5. PathIdstage

itself (thestartstateof thecurrentblock). In general,when
therearemultiple stepsin a block, theremay be a partial
matchwith thecurrentstringandwemayhaveto transition
notto thestartstatebut to someintermediatestate.Thiscan
be foundby identifying the longestsuf�x thatmatchesthe
currentsetof labelsandis similar to theKnuth-Morris-Pratt
stringmatchingalgorithm[7]. State1 is the �nal statefor
this block andwill actasthestartstatefor thenext block.
We repeattheprocessfor //title andaddstate2 anda tran-
sition from 1 to 2 on title. We alsoaddtransitionson other
labelsfor state1. Sincethis is thelastblock,we alsocom-
putethe transitionsfrom state2 andsetstate2 asthe �nal
statefor AQD . Thegeneralalgorithmis omittedfor wantof
space.

LEMMA 1 For an SPEqueryQ havingk steps,theequiv-
alent DFA havingk + 1 statescan be computedin O(k2)
time.

Ontheotherhand,for GSPEqueries,therearescenarios
whenthesmallestequivalentDFA is exponentialin thesize
of the query. In this case,we usethe following approach.
Let AQ denotetheNFA correspondingto thequeryQ. We
�rst computeanNFA A2

Q thatacceptsall input stringsthat
have two or moreacceptingpathsin AQ . Then,we com-
pute the cross-productautomatonASQ2 betweenAS and
A2

Q . If this automatonis empty, then it meansthat the
cross-productautomatonASQ obtainedfrom the original
queryandschemaautomata(AQ andAS respectively) will
not have any duplicateschemapathsandwe useASQ as
theoutputof thePathId stage.On theotherhand,if ASQ2

is not empty, then we have two options: (1) convert AQ

into a DFA AQD andcomputecross-productbetweenAS

and AQD or (2) apply a distinct clausefor the query ob-
tainedfrom ASQ . We chooseoneof theseoptionsbasedon
whetherthereis a sizeexplosionwhenwe convertAQ into
aDFA1.

ThePathIdalgorithmalongwith theabovemodi�cations
to handlethesemanticsof XPathis givenin Figure5.

3.1.2. Analysis of PathIdstage

In this section,we presentan analysisof the numberof
statesin theresultingcross-productautomatonandtherun-
ning time of theabove algorithm. We omit theproofsdue
to lackof space.

Let s ande be the numberof nodesin the schemaand
k bethenumberof stepsin thequery. Thenthenumberof
statesin AS is ns = s + 1 andthenumberof statesin AQ

is nq = k + 1. For anSPEquery, thenumberof statesin
AQD = k + 1.

LEMMA 2 The numberof statesin the cross-product au-
tomatonASQ is nogreaterthanns � nq.

LEMMA 3 If S is a Treeschemaand Q is an SPEquery,
thenthenumberof statesin ASQD is nogreaterthanns.

For an SPE query Q, for every label x, let
ChildOccur(x; Q) denotethenumberof occurrencesof the
pattern/x in Q. For example, for the query Q = /sec-
tion//section//title,ChildOccur(section,Q)= 1 andChildOc-
cur(title,Q)= 0. Let MaxChildOccur(Q) denotethemaxi-
mumacrossall valuesfor ChildOccur(x; Q) overall labels.
In thiscase,MaxChildOccur(Q) = 1.

Let DescendantSteps(Q) denotethenumberof // steps
in Q. For theaboveexample,DescendantSteps(Q) = 2. No-
ticehow DescendantSteps(Q) + MaxChildOccur(Q) � nq

LEMMA 4 For an SPEquery Q, the numberof statesin
thecross-productautomatonASQD is no greaterthanns�
(DescendantSteps(Q) + MaxChildOccur(Q)).

Let usnow considertherunningtimeof thevarioussteps
in thePathId stage.

FromLemma1, weseethattheDFA correspondingto a
queryQ canbecomputedin timeO(n2

q).

LEMMA 5 The cross-product automatonof two statema-
chineswith n1 andn2 statesrespectivelycanbecomputed
in O(n2

1 � n2
2).

LEMMA 6 For a queryQ, theautomatonA2
Q canbecom-

putedin O(n4
q).

1This canbeachieved by placinga boundon thenumberof statesex-
ploredin theNFA-to-DFA conversion



procedureSQLGen(SS Q )
begin
1. Identify stronglyconnectedcomponents(SCCs)in SS Q

2. Let C bethesetof SCCs
3. Mergeadjacentcomponentsin C thatareacyclic

if oneof themdominatestheother
4. foreach(c 2 C in top-down topologicalorder)do
5. if (c is not recursive) then
6. generatethequeryfor c usingSQLForDAG(c)
7. else
8. generatethequeryfor c usingSQLForRecursive(c)

// a relationalqueryT (n) is associatedwith
// eachleaf noden now

endFor
9. Let ®nalQbe[ n is a leaf nodeªselect* from T(n)º
10.If (duplicateeliminationis required)then
11. Outputthequeryªselectdistinct(*) from ®nalQº
12.elseoutputthequeryªselect* from ®nalQº
end

Figure 6. SQLGenAlgorithm for recursive map-
ping schemas

THEOREM 1 Therunning time of the PathId stage for an
SPEqueryis O(n2

s � n2
q), while for a GSPEquery, therun-

ning timeis O(n2
s � n4

q).

3.2. SQLGenstage

Oncewehaveidenti�ed all matchingpathsin theschema
S correspondingto query Q, we have a cross-product
schemaSSQ with all thematchingpathsencodedin it. In-
formally, the union of all root-to-leafpathsin SSQ corre-
spondsto the query result. A simple algorithmto gener-
atean SQL querycorrespondingto Q is to returnRQ =S

RtoL (l ) overall leaf nodesin SSQ . While this is a good
algorithmwhenSSQ is a tree,it doesnot suf�ce whenSSQ

is a DAG or is recursive. If SSQ is a DAG, thenthenum-
ber of matchingpathsmay be exponential. Moreover, by
unfoldinga DAG we mayalsobemissingsharedcomputa-
tion in theform of commonsubexpressionsin the�nal SQL
query. So,we needto somehow re�ect theDAG structure
of SSQ in the SQL query. Similarly, if SSQ is recursive,
thenRQ is theunionof in�nite queries.In this section,we
show how usingthesupportfor linear recursionin SQL99
(with operator)alongwith theouterunionapproach,wecan
constructtheequivalent(�nite!) SQL queryfor a recursive
cross-productschema.

In orderto illustrateouralgorithmfor handlingcomplex
cross-productschema,we usethe schemagraphS in Fig-
ure7. Noticehow this schemahasa DAG partanda recur-
sive part. Theedgeannotationsareomittedfor clarity. We
usetheshorthandi to denotetheschemanodecorrespond-
ing to elementE i andreferto theelemid nodeasnode11.

E0

E1 E2

E3

E4 E5

E6

E7 E8

E9

E10

* *

* *
*

*
* *

* *

*
*

*

* *

R0

R1 R2

R10

R9
*

R8R7R4

R6

R3

R5

elemid
R10.elemid

Figure 7. Sample recur sive schema

Weexplainthealgorithmby runningthroughtheevaluation
of the queryQ = =E0==E10 on the schemagraphS in
Figure 7. The PathId stagewill result in a cross-product
schemaSSQ identicalto S. Noticehow sinceE10 is a leaf
node,we addthe elemid attribute nodeto SSQ andmake
thattheacceptingstate.

The outline of the algorithm is given in Figure6. We
�rst identify thecomponentsin SSQ thatarerecursive. The
rest of the nodesare groupedinto a set of non-recursive
components.We perform this computationby �rst iden-
tifying thestronglyconnectedcomponentsin SSQ (step1)
andthenmergingadjacentnon-recursivecomponentswher-
ever possible(step3). Recall that a componentc1 domi-
natescomponentc2 if everypathfrom theroot to a nodein
c2 passesthroughsomenodein c1. After the �rst 3 steps
in Figure 6, thereare threecomponentsin C. They are
c1 = f 0; 1; 2; 3; 4; 5; 6g, c2 = f 7; 8; 9g andc3 = f 10; 11g
(Herenode11 refersto theelemid node).We thenprocess
thesecomponentsin top-down topologicalorder, namelyc1

followed by c2 followed by c3. For eachcomponent,we
generatetheappropriaterelationalqueries.In theprocess,
we associatea temporaryrelationT(n) with every schema
noden thatis eithera leafnodeor hasachild nodein adif-
ferentcomponent.Oncewehaveprocessedall components,
we generatethe �nal relationalqueryin steps10-12using
thetemporaryrelationsde�ned earlier.

Thealgorithmfor generatingSQLqueriescorresponding
to a non-recursive anda recursive componentaregiven in
Figures8 and9 respectively. We discussthesein the next
two subsections.

3.2.1. Handling a non-recursivecomponent

For non-recursive components,a straightforwardapproach
is to translateeachpathin theDAG componentinto a SQL
queryandtake theunionof all thesequeries.However, the
numberof pathscanbeexponentialin thesizeof thecom-
ponent. The questionariseswhetherthereis any way in



procedureSQLFromDAG(c)
begin
1.LetN bethesetof nodesin c with either

a parentor a child in a differentcomponent
2.Addany nodein c to N if it corresponds

to a leafnodein S.
3.Addall nodesin c with > onein-comingedgeto N
4.Addall nodesin c with > oneout-goingedgeto N
5.With eachnoden 2 N , associatea uniquetemporary

relationT (n)
6.foreach(n 2 N in top-down topologicalorder)do
7. //generateSQL fragmentto populateT (n)
8. foreach(in-comingedgee into n) do
9. Backtrackalonge till eithera nodem 2 N

or a nodem =2 c is obtained.
10. Let theuniquem to n pathbep
11. GenerateSQL(p) usingT (m) astherelation

correspondingto m
12. //Othernodeandedgeannotationsin SS Q are

//sameasunderlyingonesin themappingS
13. Call this querySQL(e)
14. T (n) is de®nedastheunionof all theSQL(e)
15.endFor
end

Figure 8. SQLGenAlgorithm for DAG component

which we canat leastguaranteea querythat is polynomial
in thesizeof theDAG component.We show thatthis is im-
possibleif weonly considerrelationalqueriesinvolving the
select, project, join andunion operations(SPJUqueries).
We formalizethis claimasfollows. Let C1 denotetheclass
of relationalquerieswhoserelationalalgebraexpressionhas
theselect,project,join andunionoperators.Let thesizeof
a querySQ 2 C1, RelInst(SQ), be thenumberof relation
instancesin therelationalalgebraexpression.Thenwehave
thefollowing result.

THEOREM 2 There is a family of mappingschemasSG
such that, for each schemaSi 2 SG,there is a simplepath
expressionquerypi that hasthefollowing property. No re-
lational querySQ 2 C1, whosesizeis polynomialin the
sizeof Si andpi , is a correcttranslationfor pi .

The proof for the above theoremis basedon the fact that
thereareinstancesof acyclic DeterministicFiniteAutomata
(DFA) whoseminimumequivalentregularexpressionis of
lengthO(n lg n ) [11].

It turnsout thatwe canusethewith clauseto solve this
problem. Even thoughthe with clausewas primarily in-
troducedfor supportingrecursive queries,it alsoprovides
us with a mechanismfor creatingtemporaryrelationsin a
SQL query. So, whenever thereis somecomputationthat
canbesharedby multiple paths,we createa temporaryre-
lationcorrespondingto this sharedcomputation,whichcan

beusedrepeatedlyin therestof thequery. Noticehow cre-
ating temporaryrelationsin the queryallows us to reduce
thesizeof thegeneratedSQL queryfrom (potentially)ex-
ponentialin thesizeof thecomponentto aguaranteedpoly-
nomialbound.

Componentc1 isnon-recursiveandanexampleof aDAG
component. We usethe algorithm for generatingthe re-
lational query correspondingto a DAG componentgiven
in Figure 8. We associatetemporaryrelationswith any
nodethat is eithera leaf node(part of the �nal query re-
sult), has a parentor child in a different component,or
representssharedcomputation(multipleincoming/outgoing
edges).For componentc1, thesetN is N = f 2; 3; 6g. So,
wegenerateSQLwith clausesfor threetemporaryrelations
correspondingto T(2); T (3) andT(6) in that order. The
querycorrespondingto T(3) is givenbelow.

with T3 as (
select R3.*
from R0, R1, R3
where R0.id = R1.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 subqueries,one
correspondingto eachin-coming edgeinto node3. Also
notehow we useT2 in thede�nition of T3, asnode2 2 N
andhasa temporaryrelationassociatedwith it. In a similar
fashion,thequeryfor T6 will haveT3 in it. This illustrates
how sharedcomputationcanbe ef�ciently re�ected in the
relationalquery. We would like to point out that theuseof
the with clausehastwo bene�ts. Firstly, it avoids the po-
tentialsizeblowup for complex DAG schema.Secondly, it
representsthesharedcomputationacrossdifferentroot-to-
leaf pathsexplicitly. The relationaloptimizer canchoose
from the two optionsof eithersharingcomputationacross
differentfragmentsin the �nal executionplanor unfolding
thewith clauseinto theunionof severalconjunctivequeries.
In fact,we know of onecommercialRDBMS whoseopti-
mizer doesthis exploration. On the otherhand,if we did
notusethewith clausein theSQLquery, thentherelational
optimizerhastheadditionaltaskof �nding commonsubex-
pressions,which is known to bea dif�cult task.

3.2.2. Handling a recursivecomponent

Let usnow look at how to generatetherelationalqueryfor
a recursivecomponent.This algorithmis givenin Figure9.
For eachrecursive componentc, we associatea temporary
relationTR whoseschemais theouter-unionof theschemas
of relationsannotatingsomenodein TR andgeneratea re-
cursivequeryfor TR asfollows. A recursivequeryhastwo



procedureSQLFromRecursive(c)
begin
1. Let TR bea temporaryrelationwhoseschemais the

outerunionof all relationsin c
//Constructtheinitializationqueryfor TR

2. foreach(in-comingedgee into c from noden =2 c) do
3. Let n0 2 c bethetargetof e
4. Let Qe bethequery:

selectR2.*, id(n)
from T(n) R1,Annot (n0) R2
whereAnnot (e) andR2.parentid= R1.idº

5. Null padQe appropriatelyto re¯ectouter-unionschema
6. Let Qinit be[ Qe over all in-comingedgese

//Constructtherecursive partfor TR

7. foreach(edgee with bothend-pointsin c) do
8. Let e befrom n1 to n2

9. if (e correspondsto a join edge)then
10. Let Qe bethequery:

selectR2.*, id(n2)
from TR R1,Annot (n2) R2
whereR1.schemanode= id(n1) and

R2.parentid= R1.idandAnnot (e)
11. else

//e correspondsto a selectionor n2 is a dummynode
12. Let Qe bethequery:

selectR1.*, id(n2)
from TR R1
whereR1.schemanode= id(n1) andAnnot (e)

13. Null padQe appropriately
14.Let Qr ec be[ Qe wheretheunionis takenover

edgese with bothend-pointsin c
15.TR is a recursive queryde®nedwith Qinit asthe

initializationconditionandQr ec asthe
recursive component

16.With eachnoden 2 c we associatethequeryT (n):
select* from TR whereschemanode= id(n)

end

Figure 9. SQLGenAlgorithm for recursive com-
ponent

parts,aninitializationpartanda recursivepart. Theinitial-
ization part for the queryde�ning TR (steps2-6) captures
all incomingedgesinto c from a differentcomponent.For
thecomponentc2, therearetwo suchedges(2; 8) and(3; 7)
andtheinitialization partwill betheunionof two conjunc-
tive queries,one for eachincoming edge. The recursion
in thecomponentc is capturedby therecursive partof the
de�nition of TR . Eachedgein c is translatedinto a query
asshown in steps8-13 andthe recursive part of the query
de�ning TR is theunionacrossall edgeswithin thecompo-
nent.For thecomponentc2, therearefour edgesandsothe
recursivequeryQr ec is theunionof four recursivequeries.
In this case,all 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 TR.schemanode=id(8)

and R7.parentcode=8

Noticehow theconditionTR.schemanode ensuresthat
theparenttuplecorrespondsto schemanode8 andtheother
conditionscapturetheannotationson theedge.By project-
ing the id of thechild node,we ensurethat thequeriesfor
outgoingedgesfrom node7 canbecorrectlyconstructed.

Returningto the examplequery, �nally , componentc3

is non-recursive andwe generatethe equivalentrelational
queryusingthealgorithmin Figure8.

If SSQ hastwo root-to-leafpathsmatchingthesamepath
in S, thenduplicateeliminationis requiredandwe addthe
distinctclause(recalldiscussionin previoussection,step16
in Figure5). In suchascenario,for eachleafnoden 2 SSQ ,
the id of n andthe key columnof R, whereAnnot (n) =
R:C alsohave to beprojectedalongwith Annot (n) while
creatingthetemporaryrelationsT(n).

For arecursivecomponentC, let NC denotethenumber
of columnsin theouterunionschemafor C. Thisis thesum
of thenumberof columnsoverall relationsannotatingsome
nodein C. For a mappingschemaS, let N max

C (S) denote
the maximumacrossall valuesfor NC over all recursive
componentsin S.

THEOREM 3 For a mappingschemaS andqueryQ, let the
outputof thePathIdstage, ASQ haveV nodesandE edges.
TheequivalentSQLquerycanbeobtainedusingtheSQL-
Genalgorithmin O((V + E) � N max

C (ASQ )) time.

Theproof is omitteddueto lackof space.

3.3. Preliminary Evaluation of Running Time

Weimplementedtheabovealgorithmfor evaluatingSPE
queriesover a genericXML-to-Relationalmapping.Using
the XMark benchmarkschema[31] and SPEquery frag-
mentsthatappearin theassociatedquerytestsuite,weeval-
uatedthe equivalent SQL queriesusing the above query
translationalgorithm. The XML-SQL query translation
processtook lessthan6msfor eachSPEquery. TheXML-
to-Relationalmappingschemahas101nodes.We alsoob-
servedthatin all cases,thesizeof thecross-productschema
waslessthan100nodes(thesizeof theschema).

In order to test the running time of the algorithm un-
derextremescenarios,whenthecross-productschemamay
havens � nq states,weusedamorecomplex XML schema.
This mappingschemawas a completegraphof n nodes
and all transitionswere on a single label x. We then
measuredthe runningtime of the querytranslationfor the
query//x//x//x//x//x, which has5 steps.The cross-product
automatonhasapproximately4n statesand4n2 transitions.



Table 1. Execution time of translation algo­
rithm

Cliquesize(n) TimeTaken(ms)
5 6
10 19
20 80

Therunningtime for differentvaluesof n aregiven in Ta-
ble1.

Notice how while the running time shows a quadratic
growth dueto thequadraticincreasein thenumberof tran-
sitionsin theschema,it is still small for reasonableclique
sizes.Thesizeof every recursive componentthatwe have
seenin real-world DTDs hasbeenlessthan10. Sowe be-
lieve thattherunningtime of our translationalgorithmwill
besmallin practice.

4. Extensions to more complex path expres-
sions

In this section,we brie�y describeour approachto han-
dlebranchingpathexpressionqueriesandreconstructXML
subtrees.

4.1. Branching path expressionqueries

Let us �rst considertheclassof branchingpathexpres-
sion(BPE)queriesthathaveasinglepredicateat theendof
thepathexpression.Thesequeriesareof theform p1[p2] or
p1[p2 opvalue], wherep1 andp2 areGSPEqueries.

The PathId stageworks as follows. First, we compute
the setof all satisfyingpathsfor the GSPEqueryp1. Let
ASQ betheresultingcross-productautomatonandlet F be
thesetof �nal states.For eachf 2 F , we computeanaux-
iliary automaton,Apred(f ), thatcorrespondsto evaluating
thepathexpressionqueryp2 with f asthestartstate.

In the SQLGenstage,we �rst computethe SQL query
correspondingto ASQ without the predicates. Now, for
each�nal statef 2 F , we add the SQL fragmentcorre-
spondingto thepredicateasfollows. Let T(f ) bethetem-
poraryrelationcorrespondingto thestatef . Thenweadda
with clauseof theform

with T_Pred as (
select *
from T
where exists (PQ)

)

wherePQ is the querycorrespondingto the predicateau-
tomatonApred(f ). The �nal queryis the union of all the
T Predrelations.

Let usnow consideramoregeneralBPEquerywith one
or morepredicatesoccurringin any stepof thepathexpres-
sion. This queryis of the form p1f Pred1g: : :pk f Predk g,
where each pi is a GSPE query and each Predi is
of the form pj or pj opvalue. An example query is
Q = //section[//caption= `v1']//title. Our algorithm pro-
ceedsasfollows:

In the PathId stage,we �rst apply the above procedure
to evaluatep1f Pred1g. Let F be the setof �nal statesin
the resultingautomaton. Then with F as the set of start
states,we computep2f Pred2g. We continuethis process
k timesto obtainthe automatonfor the entirequery. The
SQLGenstageis alsoextendedin a similar mannerto pro-
cesstheresultingautomaton.

Let PrimaryPath(Q) be thequeryPP(Q)= p1p2: : :pk .
If the cross-productautomatonobtained from AS and
AP P (Q) is not empty, thenthe above algorithmmay gen-
erateduplicateresultsandwe adda distinct clauseto the
�nal SQL query. We illustratewhy this is neededwith an
example. Considerthe evaluationof Q over the mapping
schemain Figure1. The sectionnodes4 and7 matchthe
pathexpression//section. In otherwords,any instanceel-
emente in an XML documentcorrespondingto eitherof
theseschemanodeswill matchthispathexpression.Onthe
otherhand,whetherewill match//section[caption= `v1'] is
goingto dependonwhetheresatis�esthepredicate.Notice
how while (incoming)structuralconditionscanbeveri�ed
duringquerytranslationtime (without looking at thedata),
predicateconditionsdependon thedata.So,givena pairof
parent-childsectionelements,e1 ande2, matchingnodes4
and7, while we canbe surethat both match//section,we
cannotbe sureof whetheroneor both of themwill match
thepredicateat querytranslationtime. So, theSQL query
hasto handleall possiblecasesandasa result,it maypro-
duceduplicateresults(whenbothof themsatisfythepredi-
cate,thenthechild of e2 will appeartwice in theresult).

4.2. ReconstructingXML subtrees

In [12, 26], algorithmswerepresentedfor reconstructing
XML subtreeswhenthemappingschemais a tree. In this
section,we describehow to handlethe reconstructionof a
recursivecomponentanda DAG component.

Notice that theSQLGenalgorithmfor handlinga recur-
sive componentin Figure9 actuallyreconstructstheXML
datacorrespondingto theentirerecursive component.But,
what is missingin orderto reconstructtheXML subtreeis
structuralinformationaboutthedifferentelements.Recall
that in [12, 26], this couldbedeterminedstaticallyasfor a
treeXML schema,thenumberof distinctroot-to-leafpaths
is �x ed. On the otherhand,for recursive components,we
needto constructtheroot-to-leafpathdynamically. Notice
thattheschemanode columnin relationTR keepstrackof



the schemanodecorrespondingto the tuple. We maintain
anadditionalrtol columnthatkeepstrackof thepathfrom
theroot of thesubtreebeingconstructed.This is similar to
theapproachproposedin [29] for constructingdewey num-
bersdynamically.

In orderto handlea DAG component,we have two op-
tions.We couldeitherunroll theDAG into a treeandapply
prior techniques.If this may leadto a sizeexplosion,we
could reconstructa DAG directly by keepingtrack of the
root-to-leafpathasmentionedabove.

4.3. Handling order in XPath semantics

Accordingto XPathsemantics,the resultsof a pathex-
pressionqueryhave to be returnedin documentorder. In
orderto supportthis, theschema-basedshreddingof XML
into relationswill needto maintain the relative position
amongsibling XML elementsin someform. This wasthe
primary focus of [29], wheresolutionswere proposedto
handleorderin XML for an arbitraryquerytranslational-
gorithm. Hence,in particular, their techniquescanbeinte-
gratedwith our algorithmin astraightforwardfashion.

5. RelatedWork

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

A numberof approacheshave beenproposedfor using
anRDBMSto storeandqueryXML datain aschema-based
fashion[3, 18, 20, 28, 29]. Themainfocusof [3, 18, 20, 28]
wasde�ning a“good” relationalschemafor thegivenXML
schema.In [28] the generalapproachto translatingXML
queriesinto SQL is illustratedwith exampleswithout any
algorithmic details. In [29], the focus is on supporting
order-basedqueries. The authorsgive an algorithm for
theschema-obliviousscenarioandbrie�y mentionhow the
ideasfor addingsupportto order-basedqueriescanbe ap-
pliedwith any existingschema-basedapproach.We arenot
awareof any publishedXML-to-SQL querytranslational-
gorithmin thisscenario.

Several techniqueshave beenproposedfor theschema-
obliviousXML storagescenario[9, 15,24, 32] approaches.
Eachof theseapproaches(except[9]) proposeda �x edre-
lational schemafor storing the XML dataandalgorithms
werepresentedfor translatingpathexpressionqueriesinto
SQL. In [9], the relationalschemais decidedbasedon the
XML data.Sincethetechniquesareschema-oblivious,they
areapplicableirrespective of whetherthe XML schemais
recursiveor not. Thetechniquesalsoconsiderthepresence
of the// axisin pathexpressionqueries.In [8], analgorithm
for translatingmore generalXQuery queriesinto SQL is

presented.Our work is complementaryto thesetechniques
becausewe considerthe query translationproblemin the
schema-basedXML storagescenario. In [29, 30], it was
shown that for many query workloadsover non-recursive
XML schema,schema-basedshreddingapproachesyield
far better performancethan schema-oblivious shredding.
So, it is conceivablethat the sameresultholds in a num-
berof scenariosevenwhentheXML schemaand/orquery
is recursive.

In the XML Publishingscenario,therehasbeena lot
of work on translatingcomplex XML queriesinto SQL [4,
10, 12, 13, 16, 19, 21, 25, 26]. While the classof XML
queriesconsideredarefairly complex in theseapproaches
(a signi�cant subsetof XQuery/XSLT), the focus is on
(non-recursive) tree XML schemas. In contrast,our fo-
cus is on XML-to-SQL query translationover recursive
XML schema.While someof the above techniqueshan-
dle// in theXML queryby enumeratingall satisfyingpaths,
we presenta differentsolutionthatrepresentsall satisfying
pathsin a morecompactmanner.

In [2], analgorithmfor reconstructinga recursive XML
view waspresented.Theirsolutiondoesnotusethesupport
for recursionin SQLandsimulatestherecursionin middle-
wareinstead.In contrast,weshow how wecanusethesup-
port for linearrecursionin SQL99andby combiningit with
the“outerunion” approachconstructasingleSQLqueryto
reconstructa recursiveXML subtree.

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

Therehasbeensomework on optimizing queriesin a
semi-structuredframework [5, 14, 22] usinggraphschemas.
Thesetechniquesaresimilar to the PathId stageof query
translation,and we adaptedthe cross-productautomaton
techniqueproposedin [14], for thePathIdalgorithmin Sec-
tion 3.1.

In [1, 23], algorithmsfor minimizingtreepatternqueries,
both in the presenceand absenceof XML schemainfor-
mation,arepresented.Thesealgorithmsremove redundant
partsof theXML querythatareimpliedbyeitherotherparts
of the queryor by the XML schemaor a combinationof
both.Thesealgorithmsarecomplementaryto ouralgorithm
andcanbeusedasthe�rst stageto minimizetheinputXML
queries.

6. Conclusions

We presenteda genericalgorithmto translatepath ex-
pressionqueriesto SQL in thepresenceof recursionin the
XML schemaandqueries.Thisalgorithmis applicableover
a wide classof techniquesfor schema-basedshreddingof
XML into relations. We alsoshowed how the with clause
in SQL99is usefulin XML-to-SQL querytranslationover



DAG XML schemaandhow the supportfor linear recur-
sion in SQL99is suf�cient for translatingpathexpression
queriesinto asingleSQLqueryoveranarbitrary(recursive)
XML-to-Relationalmapping.

Thealgorithmpresentedin thispaperfor translatingpath
expressionqueriesinto SQL can be adaptedto the “Pub-
lishing” domainaswell. The detailsof the algorithmwill
changebasedon theview de�nition language,but themain
ideasabouthow tohandlerecursiveschemas,DAGschemas
andrecursivequeriesremainthesame.

There are a number of avenuesfor future research.
Extending the work in this paper to perform XML-to-
SQL querytranslationfor morecomplex FLWOR XQuery
queries,whentheXML schemais recursive, is open.Com-
paring the schema-basedand schema-oblivious solutions
for XML storagein thepresenceof recursiveXML schema
is anotherimportant areafor future research. Similarly,
combiningthe interval-basedtechniquesusedin XML-to-
SQL query translationin the schema-oblivious scenario
alongwith thetechniquesproposedin this paperis another
interestingavenuefor futurework.
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NSF grantsITR-0086002and CCR-0208013,and a Mi-
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