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1 Intr oduction

XML hasbecometheprimestandardfor dataexchangeon
theWeb. To exchangedatacurrentlyresidingin databases,
oneneedsto publish it in XML, i.e., to extract datafrom
the databaseand transformthe datainto an XML format.
In practice,datapublishingis oftendonewith apredefined
“schema”. A communityagreeson a certainschema,and
subsequentlyall membersof thecommunityexchangetheir
dataw.r.t. the predefinedschema,by ensuringtheir pub-
lished(target) XML datato conformto the fixed schema.
This is calledschema-directed XML publishing. Theneed
for this is particularlyevident in biological dataexchange
andservices.However, it is nontrivial to ensurethatthetar-
getXML dataconformsto agivenschema.Thedifficulty is
introducedby, amongothers,recursionin a targetschema,
which is commonin, e.g., biologicalontologies[7].

With XML publishingalsocomestheincreasingneedfor
maintaining target XML data. The underlyingsourcedata
often changesandevolves,andthe sourceupdatesshould
bereflectedin its XML targetaccuratelyandefficiently. A
naiveapproachwouldbeto recomputetheXML targetfrom
scratchin responseto sourcedatachanges.This is notvery
realistic in many applicationswhere XML publishing in-
volvesvoluminousdataandmay take hoursto complete.
Thissuggeststhatoneneedsto dealwith updatesincremen-
tally: propagatetheupdatesfrom thesourcedatato its XML

targetwith minimal recomputation.While this is reminis-
centof traditionaldatabaseview maintenance,incremental
updatesaremorechallengingfor hierarchicalandpossibly
recursive XML views constrainedby apredefinedschema.

In responseto the needwe proposeda new approach
for schema-directedpublishingof relationaldatain XML,
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basedonthenovel notionof attributetransformationgram-
mars(ATGs [3]). ATGs provide guidanceon how to define
viewsconformingto target schemas(DTDs) andbetterstill,
they automaticallyensureschemaconformance.We also
developedan incrementalalgorithmfor maintainingXML

views producedby ATGs [4], basedon new incremental
computationtechniquesthat capitalizeon the hierarchical
structureof XML dataanduniquefeaturesof ATGs.

Recentlywe have implementeda middleware system
that supportsbothschema-directedXML publishingbased
on ATGs, andincrementalupdatesof XML viewscreatedby
ATGs. Wehavealsobeendeploying andevaluatingthesys-
temattheEuropeanBioinformaticsInstitute(EBI). Ourex-
perimentalresultsarepromising:our systemis capableof
efficiently publishingreal-life biologicaldata(in theorder
of GigaBytes)andguaranteeingtheXML views to conform
to predefined(recursive) DTDs; moreover, our incremental
updatealgorithmoutperformstherecomputationapproach
by two ordersof magnitude.The systemwill possiblybe
adoptedby EBI in thenearfuture.To thebestof ourknowl-
edge,it is the first practicalsystemthat supportsschema-
directedXML publishingandincrementalupdates.

Takingreal-life datafrom GeneOntology[7] (GO), this
paperdemonstrateshow this systemcan efficiently pub-
lish the GO datain XML w.r.t. a predefinedrecursive DTD,
and how it incrementallyupdatesthe target XML datain
responseto changesto theunderlyingGO database.
Related work. Although a numberof XML publishing
systemshave beendeveloped(e.g., [5, 8, 6, 9, 10]), none
of thesesystemstakesschema-conformanceinto account.
Type-checkingapproachesto DTD conformanceare im-
practicalsincetype checkingof transformations,even for
simpleDTDs, is computationallyintractablefor extremely
restrictedviews and undecidablefor realistic views [1].
Worsestill, type-checkingdoesnot provide any guidance
onhow to repairanXML view thatdoesnot typecheck.

The notion of ATGs wasproposedin [3] andthe incre-
mentalupdatealgorithmwasdevelopedin [4]. However,
thework in this paperis thefirst effort to fully implement
ATGs andincrementalupdates,combinethemin a uniform
system,and to verify the effectivenessof the techniques
in real-life applications. Furthermore,in our implemen-
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Sourcerelational schema
�
:

primary terms(go id, name, updated)
terms(go id, name, updated)
ancestors(parent id, child id)
main(protein id, name, source)
protein2go(protein id, go id)

TargetDTD ��� :
<!ELEMENT db (term*)>
<!ELEMENT term (children, id, tname,

updated, proteins)>
<!ELEMENT children (term*)>
<!ELEMENT proteins (protein*)>
<!ELEMENT protein (pname, pid, source)>
/* #PCDATA is omitted here. */

Figure1: Exampleof asourceschemaanda targetDTD

tation we developednew optimizationideasthat werenot
exploredby [3, 4]. Anotherextensionof ATG wasproposed
in [2] for integration,whichis notpartof thisdemosystem.

2 Schema-DirectedPublishing

The problemof schema-directed publishing canbe stated
asfollows: givena DTD � , to defineaview � for relational
databases� suchthat �
	��� is anXML documentconforming
to � . Weconductschema-directedpublishingby meansof
AttributeTransformationGrammars(ATGs [3]).

GivenanarbitrarytargetDTD � , anATG definesaview
as follows: (1) For eachelementtype � in � , it defines
a variable ��� ; intuitively, each� elementin anXML tree
is to have a variable ��� , which containsa singlerelational
tupleasits value.(2) For eachelementtypedefinition(pro-
duction) ����� in � , where � is a regularexpression,it
specifiesa setof semanticrulessuchthatfor eachelement
type � in � , thereis a rule for computingthe valuesof
��� via SQL queries;thequeryis treatedasa functionthat
may take ��� asa parameter. Given a relationaldatabase
� , the ATG is evaluatedtop-down: startingat the root el-
ementtype of � , evaluatesemanticrulesassociatedwith
eachelementtypeencountered,andcreatenodesfollowing
theDTD to constructthetargetXML tree.Thevaluesof the
variable ��� areusedto controltheconstruction.

As anexample,considerpublishing(simplified) GO [7]
datain XML. TheGO datais storedin arelationaldatabase,
which,asshow in Fig. 1, consistsof threerelationsfor GO

terms:primary term storesthe GO id, name andthe
date of the last updatefor eachprimary term; similarly
for other terms; as a term may be composedof other
terms,thecompositionhierarchy is givenby theances-
tors relation(keysareunderlined).Thedatabasehasalso
two relationsfor proteins:main specifiesthe id, name
andsource of eachprotein;andprotein2go tellshow
terms andproteins arerelated.

Now onewantsto constructa targetXML document�
that containsall the primary termsimmediatelyunderthe
root, alongwith their compositionhierarchy andthe pro-
teinsthey arerelatedto. Furthermore,� is requiredto con-
form to the DTD ��� given in Fig. 1. Observe that ��� is
recursive: a term may have otherterms asits children;
this leadsto XML treesof unboundeddepths.

An ATG ��� specifyingthepublishingis shown in Fig. 3.

pname pid source

db

term term

term term

children proteinstname updatedid

children tname updatedid proteins

protein

term

term

... ...

protein
...

Figure2: An XML treeconformingto ���
Whenbeingevaluatedover theGO database,��� producesa
targetXML tree� asdepictedin Fig. 2, asfollows.
(1) It first createsthe root element,db, andthentriggers
the rules associatedwith the productiondb � term*.
Observe that the productioncontainsa Kleenestar; thus
thereis no boundon the numberof theterm childrenof
the root. Thesechildrenaredeterminedby the evaluation
of the SQL query ��� over the GO database,which returns
all theprimary term tuples.For each� of thesetuples,
aterm elementis createdasa child of theroot,carrying�
asthevalueof its variable � �"!$#�% . Theoperator“ & ” in the
ruledenotestheiterationfor generatingtheterm children,
correspondingto theKleenestar.

(2) At eachterm element� , theXML tree� is expandedby
generatingthechildrenof � . In contrastto thelastcase,the
productionfor term tells us that � hasexactly five chil-
dren: children, id, name, updated and source.
The variablesassociatedwith thesechildrenareassigned
valuesextractedfrom fields of the parentvariable �'�"!'#�% ,
e.g., ��(")+*-,/."#0!$1 inheritsthevalue � �"!$#�%32 465 *-. .

(3) At eachchildren element( , thetarget tree � is fur-
ther expandedas follows. The SQL query �87 finds the
465 *9. sof all thechildrentermsof ( from theancestors
relation,by using ��(9)+*-,/."#0!$1:2 4;5 *-. asaconstantparameter;
it thenextractstuplesfrom theterm relationusingthese
465 *9. s. For each�$< of thesetuples,aterm child of ( is cre-
atedcarrying �$< asthevalueof its variable,andtheterm
nodeis in turnprocessedasdescribedin (2).

(4) Similarly, at eachproteins child = of term � , the
SQL query �?> extractsall theprotein tuplesrelatedto
� from the main andprotein2go relations,by using
� =@#05 �"!$*A1CB�2 465 *-. asa constant.For eachof thesetuplesa
protein child of = is generated,whosechildren are in
turncreatedasdescribedin (2).

Steps(2) and (3) are repeateduntil the target tree �
cannotbefurtherexpanded,i.e., whenall theterms at the
leavesof � areno longercomposedof otherterms. At
thispoint theevaluationof theATG is completed.

ATG hasseveralsalientfeatures.First, whentheevalu-
ation of an ATG terminates,the target XML treegenerated
is guaranteedto conformto its embeddedDTD. Second,it
adoptsa data-driven semantics:the expansionof an XML

treein therecursivecasearedeterminedby thesourcedata.
Third, it is easyto use ATGs to specify schema-directed
XML publishing.TheDTD productionsprovide a guidance
on how to write semanticrulesto expandthetreethatcon-
formsto theDTD. Thereis noneedto learnanew language:
onecanwrite ATGs aslongasshe/heknows SQL andDTD.
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db D term*E�F
: $term G select go id, name,updatedfr om primary terms

term D childr en, id, tname, updated, proteins
$children= $term.goid, $id = $term.goid,
$tname= $term.name, $updated= $term.updated,
$proteins= $term.goid,

childr en D term*EIH
: $term G select t.go id, t.name,t.updated

fr om ancestorsa, termst
where $children= a.parentid and a.child id = t.go id

proteins D protein*E?J
: $protein G select m.name,m.proteinid, m.source

fr om protein2gop, mainm
where $proteins= p.go id and

p.proteinid = m.proteinid
protein D pname, pid, source

$pname= $protein.name, $pid= $protein.goid,
$source= $protein.source

Figure3: An exampleATG ���
3 Incr ementalUpdates

The incremental update problemfor ATGs canbestatedas
follows: givenan ATG � , a relationaldatabase� , the XML

view �LKM�	N�� , andchangesOP� to � , to computeXML

changesOP� to � suchthat �RQSOP�TKR�
	N�UQSOP�� , where
theoperatorQ denotestheapplicationof theseupdates.In
contrastto recomputingthenew view from scratch,incre-
mentalupdateof ATGs improvesperformanceby applying
only thechangesOP� to theold view � .

Our incrementalalgorithm[4] is basedon a notion of
O ATG. A O ATG OV� is staticallyderived from an ATG �
by deducingandincrementalizingSQL queriesfor generat-
ing edgesof XML views. In responseto relationalchanges
OP� to the sourcedata, OV� computesXML changesOP�
via the incrementalizedSQL queries,which yield a pair
of relations 	XWIY8Z"WP[:� , denotingthe insertions(buds) and
deletions(cuts) of the edgesof the old XML view � , re-
spectively. More specifically this is carriedout in three
phases:(1) a bud-cut generation phase thatdeterminesthe
impactof OP� on existing parent-child(edge)relationsin
theold XML view � by evaluatingafixednumberof incre-
mentalizedSQL queries;(2) a bud completion phase that
iteratively computesnewly insertedsubtreestop-down by
pushingSQL queriesto the relationalDBMS; and finally,
(3) a garbage collection processthat removesthe deleted
subtrees.It minimizesunnecessaryrecomputationsvia a
novel cachingstrategy suchthat eachnew subtreein the
XML view is computedat mostonceno matterhow many
times it occursin the XML view, and moreover, it maxi-
mally reusessubtreesin the old XML view. The caching
strategy is basedon the subtree property of XML dataand
ATGs: eachsubtreein anXML view generatedby anATG is
uniquely determined by the tuple-valueof thevariableas-
sociatedwith thesubtreeroot. This allows usto efficiently
identify andreuseexisting subtreesvia ahashtable.

As anexample,considerchangesOP� to theGO database
� thatmodify theancestors relationsof terms, which
can be understoodas group updates consistingof inser-
tions and deletionsof multiple ancestors tuples. Re-
ferring to the XML view � of Fig. 2 generatedby ���\	N�]� ,

thecorrespondingXML changesOP� arecomputedasfol-
lows. Thebud-cut-generationphasegeneratesa setof cuts
to the(children, term) edgesof � , aswell asa setof
buds ^
_ `Aacb consistingof the newly insertedterm tuples,
in responseto OP� . It then deletesthe edgeof the cuts,
and createsa term nodefor eachtuple in ^
_ `Aacb , along
with edgesfrom the root db or children elementsto
theseterms. Then, the bud-completionphasegenerates
thesubtreesfor thesenew terms,maximumlyreusingthe
subtreesthat have beencomputedor arealreadyin � by
capitalizingon thesubtreeproperty. Finally, after thesub-
treeareconstructed,thegarbagecollectionprocessrunsin
thebackgroundto remove thesubtreesdeletedby thecuts.
Note that thephysicaldeletionis delayedsuchthat there-
movedsubtreescanbereusedin thebud-completionphase.

Anothersalientfeatureof the incrementalalgorithmis
that it computesOP� in parallelwith the updatingprocess
of � with OP� . Morespecifically, eachiterationin thegen-
erationphasecomputesOP� to acertaindepthbelow newly
addedbuds,andthuspartial resultsof the new XML view
canbereturnedto theusersbeforethecomputationof OP�
is completed;this allows lazy evaluation thatoverlapsthe
view updateprocesswith clientaccess.

4 SystemAr chitecture

Our middlewaresupportstwo evaluationmodes:publish-
ing andincremental updates. SeeFig.4 for its architecture.

In the ATG-basedXML publishing mode, the system
takesan ATG � anda sourcerelationaldatabase� asinput
andgeneratesa target XML view �dKe�	N�� thatconforms
to theDTD embeddedin � . Specifically, it parses� , gener-
atesa queryplanfor evaluatingtheSQL queriesembedded
in � , andpushesthe SQL queriesdown to the underlying
DBMS to extract datafrom the source� . The systemhas
fully implementedthe optimization techniquesproposed
in [3], includingquerycompositionto reducecommunica-
tion costbetweenthemiddlewareandtheDBMS. TheXML

view � is storedin asubtreepoolwith ahashtablebuilt on
topof it, leveragingthesubtreepropertydescribedearly.

In the incrementalupdatemode, the systemaccepts
SQL updatesanda handle(name)for an ATG � (seealso
Fig. 5(a)); it thenconductsthe relationalupdates,derives
OV� , evaluatesOV� usingour incrementalalgorithmto com-
puteXML changesto thecorrespondingXML view, andup-
datesthesubtreepoolandthehashtableaccordingly, asde-
scribedin thelastsection.Alternatively, thesystemallows
theunderlyingDBMS to functionindependentlyandaccept
updates;an update monitor (not explored in [4]) detects
sourceupdates,andtriggersour incrementalalgorithmto
propagatethechangesto XML views automatically.

Theuserinterfaceof thesystemis shown in Fig.5(a). In
a window onecanselectanddisplaya sourceschemaand
anATG; thesystemalsosupportsaninterfacefor accepting
SQL updates,andfor the choiceof ATG publishingor in-
crementalupdates.A graphictool is provided to facilitate
ATG design. Output XML datais browsedby poppingup
anotherwindow (Fig. 5(b)).
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Figure4: Systemarchitecture

(a)Visualuserinterface

(b) XML databeforeandafterupdates

Figure5: UserInterface

5 DemonstrationOverview

Thedemonstrationwill show thefollowing.

Schema-directed publishing. To illustrate the main as-
pectsof ATG-basedXML publishing,we show how to pub-
lish GeneOntology(GO) datain XML w.r.t. predefinedre-
cursive DTDs via ATGs. We demonstratethatour systemis
efficientwhendealingwith thereal-lifedata.

Incr emental updates. To verify the effectivenessof our
incrementalalgorithm, we show how sourceupdatescan
beefficiently propagatedto XML views createdby ATGs in
contrastto the recomputationapproach:the former takes
secondsto evaluatewhile thelattertakesminutes.

Aids to ATG specification.We provide a graphicuserin-
terfaceto facilitateATG design(Fig. 5(a)). An ATG is de-
pictedasa graph,in which eachedgerepresentsa parent-
child relationin a productionin the target DTD. Clicking
on theedge,a text window displaysthecorrespondingse-
manticruleandallows theuserto displayandedit therule.

Aids to answer analysis. We also demonstrategraphic
toolsfor viewing thepublishedXML data,andfor illustrat-
ing updatepropagationfrom sourceto targetby comparing
XML views beforeandafterupdates(Fig. 5(b)).
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