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Abstract

We presenta framework for publishingrelational
datain XML with respecto a x edDTD. In data
exchangeon the Web, XML views of relational
dataaretypically requiredto conformto a prede-
ned DTD. Thepresencef recursiorinaDTD as
well asnon-determinisnmakesit challengingto
generatdDTD-directed,ef cient transformations.
Our framawvork providesa languagefor de ning
views thatareguaranteedo be DTD-conformant,
aswell asmiddlewvarefor evaluatingtheseviews.
It is basedon a novel nation of attribute transla-
tion grammas (ATG9. An ATG extendsa DTD
by associatingsemanticrules via SQL queries.
Directedby the DTD, it extractsdatafrom a re-
lational databaseand constructsan XML docu-
ment. We provide algorithmsfor ef ciently eval-
uatingATGs,alongwith methoddor staticallyan-
alyzingthem. This yields a systematiandeffec-
tive approactto publishingdatawith respecto a
prede nedDTD.

1 Intr oduction

XML [6] hasbecomethe primary standardfor data ex-
changeon the Weh To exchangedatacurrently residing
in relationaldatabasesyjneneedso publishit in XML, i.e.
totransformthedataintoan XML format. In practice pub-
lishing of relationaldatais alwaysdonewith a prede ned
type,typically aDTD. A communityor industryagreeon
acertainDTD, andsubsequentlall membersf the com-
munity createXML views of their relationaldatathatcon-
form to the DTD [3]. This is commonin, e.g.,B2B ap-
plicationsandthe health-caréndustry: a hospitalneedso
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extractpatientinformationfrom its relationalstore cornvert
it toanXML format, andsendit to aninsurancecompaty,
with theXML datagenerated¢onformingtoaDTD de ned
by theinsurancecompaty.

The problemcanbe statedasfollows: givenaDTD
andarelationalschema , de ne aview suchthatfor any
instance of is an XML documenthatconforms
to . We referto this asDTD directedpublishing The
goalis to provide a DTD-directedpublishingsystemthat
capturegransformationgommonlyfoundin practice.

DTD-directed publishing is rather challenging. The
presenceof disjunctionin a DTD leadsto dif culties in
de ning deterministicnappingshasedon the DTD, while
recursionmalkes for a poor matchwith the queryingfa-
cilities of standardrelationaldatabasesRecursie DTDs
are commonlyfound in speci cationsof biomedical[5],
protein[20] andchemicaldata[9], e.g.,DNA is speci ed
in termsof clone, clone hassubelementgeneand DNA,
while geneis in turn speci ed with DNA. As a simpleex-
ample, let us considera mild variation of a fragmentof
the TPC-H relationalschema24] shavn in Fig. 1 (with
keys underlined). The schemayeferredto as , speci-
es parts,suppliersof thoseparts,andthe compositionof
a partfrom other parts. Supposehat onewantsto de ne
anXML view thatextractsinformationaboutpartswith the
brand“Acme” from the relationaldatabaseFor eachpart
the view providesthe name,suppliersand moreover, the
part-hierarchycomposingt: its sub-partsthe sub-partof
thosesub-partsandso on. In addition, the XML docu-
mentgenerateds to conformto aDTD givenin Fig. 2
(herewe omit the descriptionof elementswhosetype is
PCDATA). Obserethat isrecursve: partis de nedin
termsof itself. Moreover, the structureof theaddress is
non-deterministicif the supplieris “domestic”,i.e., based
intheUS,itsaddress issimplytheaddr attributeof the
Supplier  relation; otherwise,i.e., if it is “foreign”, its
address consistof theaddr attributeandits nation
Givenaninstanceof , thegoalis to generatean XML
documenpf DTD . In thedocumentpartsarenestedo
anarbitrarylevel which is not known at compiletime, but
is ratherdata-drven,i.e. determinecy therelationaldata.
Thisis aninstanceof DTD-directedpublishing.
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Figurel: A fragmentof TPC-Hrelationalschema,

<IELEMENT db (part  )>

<IELEMENT part (pname, supplier , part )>
<IELEMENT supplier (sname, address)>
<IELEMENT address (addr | fornaddr)>
<IELEMENT fornaddr (addr, nation)>

Figure2: A prede nedDTD  for publishingdataof

To publishrelationaldatawith a prede nedDTD, we
needan XML view de nition languagethat allows the
DTD to guideview creation,aswell asanef cient imple-
mentatiorof thelanguageTwo of thewell-known systems
that have beendevelopedfor publishingrelationaldatain
XML areSilkRoute[13], which is basedon the view def-
inition languageRXL (abstractedhas TreeQLin [3]); and
XPERANTO [7], which extendsSQL by supporting<ML
constructorgo specifyviews. However, noneof thesesys-
temstakesDTDs/typesinto account.Therehave alsobeen
severalcommerciakystemg21, 19, 14] thatspecify XML
views by embeddingSQL querieswithin an XML docu-
menttemplate. Thesecanonly producemild variationsof a
x eddocumentandthuscannotsupportdata-drventrans-
formationsdirectedby a prede nedDTD, especiallywhen
theDTD is recursie and/ornon-deterministicTo the best
of our knowledge,noneof the existing systemss ableto
supportthe XML view describedabore.

Anotherapproachto copingwith a prede nedDTD is
by meansof type checking[3]: simply de ne an XML
view and then check whetherthe view conformsto the
DTD. Unfortunatelythisis impracticalsincetypechecking
of data-drven transformationseven for simple DTDs, is
computationallyintractable:co-NEXPTIMEfor extremely
restrictedview de nitions, and undecidablefor realistic
views [3] (languagesuchasXQuery [8] implementonly
approximatetype-checking). Worse still, ary approach
basedon type-checkingloesnot provide ary guidanceon
how to de ne anXML view thatdoestypecheck.

Therehasalso beena line of work on automatedn-
ferenceof mappingsfrom schemanformation(e.qg.,[2, 4,
17)]). Thisapproactworkswell whenthe sourceandtarget
schemasnvolvedin translationsaresimilar to eachother
If the schemasare dramaticallydifferent, or if the view
mappingdependson the application rather than merely
upontheschemasthis processannotbefully automated.

In this paper we provide the rst systematicmethod
for DTD-directedpublishingof relationaldatain XML, by
makingthreecontributions.First, we introducea novel no-
tion of attributetranslationgrammas (ATGS. An ATG is
anextensionof aDTD by associatingttributesandseman-
tic rules(SQL queries)with elementtypes. Givena rela-
tionalschema andaDTD ,onecande ne anATG that,
givenaninstanceof , generateXML databy rst extract-

ing datafrom the databasesingtherules,andthentagging
the datato createXML elementsfollowing the element
type de nitions of . ATGs facilitate data-drven trans-
formationby usingattributesto passdata(to beused.e.g.,
in grouping)aswell ascontroldown apartially-constructed
tree. If the evaluationof the ATG terminatessuccessfully
it yieldsan XML documenthatis guaranteedto conform
to the DTD. As anexample,the ATG in Fig. 3 de nesthe
XML view of theTPC-Hdatadescribedbore (seeSec.3).
ATGs areinspiredby attribute grammargsee,e.g.,[10]),
but have signi cant differencegseeSec.7 for detaileddis-
cussion). To the bestof our knowledge,they provide the
rst languagehatguidestheuserin thede nition of DTD-
conformantviews.

Second,we establishresultsfor static (compile-time)
analyseof ATGs. Theseincludeterminationanalysisof
ATG evaluationsandthe expressve power of ATGs.

Third, we provide efcient algorithmsfor evaluating
ATGs. We introducenew techniquesbasedon dynamic
programmingwhich combinequery-partitioningwith the
materializationof intermediateresultsto generateevalua-
tion plansbasedn estimate®f querycostanddatasize.

Basedonthesewe have implementeda middlevaresys-

tem, PRATA (PublishingRelationaldata using Attribute
TranslationgrAmmars) for DTD-directedpublishingfrom
relationaldatato XML. We have beenconductingexper
iments on datasetsthat include the variant of the TPC-
H databasementionedearlier Our experimentalresults
demonstrateéhat our algorithmsgenerateef cient evalua-
tion plans.
Organization. Section2 reviews DTDs. Section3 intro-
ducesATGs and provides static analysesof ATG evalua-
tion. Sectionst and5 developef cient algorithmsfor eval-
uatingATGs. Section6 present&xperimentakesults.Sec-
tion 7 addressessuedor furtherwork.

2 Background: DTDs

A DocumenfType De nition (DTD [6]) is typically repre-
sentedasanextendedcontext freegrammai15].

A DTD s atuple , where isa -
nite setof elementypes is adistinguishectlementype,
calledtheroottype is asetof productionrulesthatde-

ne theelementypes:for each in , isaregular
expression S , Where
S denoteghestring (PCDATA) type, isatypein ,

is the emptyword, and“ 7, and denotedisjunc-
tion, concatenatiomndthe Kleenestar respectiely (here
we use” " insteadof “ ” to avoid confusion). We write
andreferto it asthe productionof

An XML documentis typically modeledas a node-
labeledtree. An XML tree conformsto a DTD  if
its structureis constrainedy asfollows: (1) thereis a
uniquenodein labeledwith , namelytheroot; (2) each
nodein is labeledeitherwith anelementype of ,
calledan elementor with S, calledatext node (3) each

elementhasa list of childrenof elementsaandtext nodes
suchthatthey areorderedandtheir labelsarein the regu-



lar languagede ned by ; (4) eachtext nodecarriesa
stringvalue(PCDATA) andis aleaf of thetree.

To simplify the discussionwhenit comesto de ning
ATGs, we do not considerattributesin this paper;but we
allow entities(de ned in the XML standard6]) to beused
in DTDs. An entity is merelyamacro(alias)of aregular
expression

Taking advantageof the notion of entities,we de ne a

DTD innormalformto be , Where
isa nite setof entities, de neselementypesandenti-
tiessuchthatfor each in , hastheform:

S
where , arein and .
ForexampletheDTD  givenearliercanbecorverted
toaDTD in the normal form by introducingentities
andrewriting the productionof as:
<IELEMENT part (suppliers, pname, parts)>
<IENTITY  suppliers ““supplier ">
<IENTITY parts Tpart ">

Abusing the notion of XML trees,we de ne a virtual
XML treeof aDTD to bean XML treeconformingto
aDTD  whichis obtainedrom by treatingentitiesas
elementtypes. Thatis, we allow nodesin a virtual XML
treeto belabeledwith entities. A virtual XML tree  of

canbecorvertedto anXML tree intimelinear in the
sizeof , by collapsingentity nodes,i.e., memging each
entity node with its parentnode until no nodeis labeled
with anentity. Wereferto asaparsetreeof andsay
thatit conformsto

We saythatDTDs and
XML tree , T conformsto
example,theDTDs  and

Proposition2.1: For anyDTD
thenormalformsudthat and
over,  canbecomputedrom

areequivalentif for ary
iff T conformsto . For
areequialent.

thereexistsaDTD in
are equivalentMore-
in linear time

By Proposition2.1,in thesequele shallonly consider
DTDsin thenormalform.

A DTD is saidto be recussiveif it hassomeelement
typethatis de nedin termsof itself, directly or indirectly.

3 Attrib ute translation grammars

This sectionintroducesATGs and presentsstaticanalyses
of ATG evaluation.

3.1 ATGs

De nition 3.1:Let beaDTD and
be a relationalschema.An attribute translationgrammar
(ATG) from to ,denotedby , consistof:

Grammar:itheDTD D.
Attribute tuples:atuple of attribute memberss asso-

ciatedwith each . Thetupleis
calledtheattributeof anddenotecby . We will
use to denotethememberof . For

theroottype , isempty

Rules: a setof semanticules
with eachproduction in
that occursin , thereis a
rulethatspeci eshow thevaluesof  areevaluated.
This generallyinvolvesan SQL queryon relationsof
with  asparameters.

We saythat

, IS associated
. For each

isrecursiveif  isrecursve.

In anATG we combineaDTD  with databasepera-
tionsby de ning semantiaulesin termsof SQL queries!.
Given a relational databasethe evaluation of the ATG
yields a parsetree of , in which nodescarry attributes
whosevaluesarecomputeddy thequerieson thedatabase.
The treeis generatedncrementallystartingfrom the root
downwards. The generatioris data-drven: the childrenof
anode arepopulatecbasedonthevalueof 'sattribute.

Recallthe XML view (part-hierarchy)for the TPC-H
datadescribedn Sec.1. TheATG depicted
in Fig. 3 de nestheview. In ,theDTD is theonein
normalform givenin Sec.2.

We next describemore preciselythe de nitions of se-
manticrulesin an ATG . For a production
(with elementtypesor entities
in ) andfor each , we have a function returningval-
uesfor the attribute de ned from the attribute  of
More speci cally, they are computedby a function
of oneof thefollowing forms:

where arememberof |, whicharetreatedas
constanparametersf atomicvalues; simply
constructasingletupleusingtheparametevalues; isan
SQL queryonrelationsof , by treating asa constant.
For example,referringto  in Fig. 3, the rule associated

with production de nes with aquery
onaTPC-Hdatabasewhich treats as
aconstant.
With thesefunctionswe de ne associatedavith
eachproduction intheDTD . By Proposi-

tion 2.1, we canassumehatall DTDs arein normalform.
Thus,it sufces to consider of thefollowing cases:

(1) If isSthen mustconsistof asinglemembeyand
isde ned as

where is afunctionof theform de ned above.

@ 1If is ,then consistof

where isafunctionasde ned aborefor each

) If is then isde nedas:
case of 1: Do

1The term 2attritute translationgrammardvas ®rst usedto denotea
classof attribute grammarsfor compiler constructiong16], which are
quitedifferentfrom ATGs.



Grammar:

Attribute tuples:
=0
= (partkey, name)
= (partkey)
= (partkey)
= (name, addr, nationkey)
= (tag, addr, nation)
= (addr, nation)
= = = = (Val)
= (val)
Semantic _ rules:
db  part
: select  p.partkey, p.name
from Part p
where p.brand = “Acme"
part  suppliers, pname, parts
: = ( .partkey),
= ( .name),
= ( .partkey)
parts  part
: select m.partkey2, p.name
from Madeof m, Part p
where m.partkeyl = .partkey and
m.partkey2 = p.partkey
suppliers  supplier
: select s.name, s.addr, s.nationkey
from Supplier s, PartSupp ps
where ps.partkey = .partkey
and ps.suppkey = s.suppkey
suppplier  sname, address
: = .name,
= select 1 as tag, null as nation,
.addr as addr
from Nation n
where ‘USA' = n.name and
n.nationkey = .nationkey
union
select 2 as tag, n.name as nation,
.addr as addr
from Nation n
where ‘USA' <> n.name and
n.nationkey = .nationkey
address addr fornaddr:
case tag of I* */
1 (( .addr), null)
2: (null, ( .addr, .nation))
fornaddr  addr, nation:
: = .addr
: = .nation
A S [ is one of , , , */
= val
Figure3: Exampleof anATG,
where is aquerythatreturnsavaluein ,and 's
arefunctionsasabove. Thatis, is assignedwith the
value of if , andwith otherwise.

Theseareto capturethe semantic®f the non-deterministic
production. We refer to asthe conditionquery of the

rule.
@If is ,then is de ned asfollows:
where is a queryasde ned above. As will be seen

shortly, therulefor in factintroducesaniteration(loop),
which implementsthe Kleene closure without using an
unboundedumberof attributes.

Obsenre that in caseq1) to (3) is built up from
assignmentsf the form: . Herewe require

to returna singletuple. In case(4), is de-
ned with , Where returnsasetof tu-
ples.It assignsachtuplein to ,ie., ranges
over eachvaluein . As will be explainedshortly,
for each  tuple, the semanticrule for is triggered.
For example,referringto Fig. 3, and are
de ned with the secondform (with ) while the

restarede ned with the rst form.

Next we give thesemanticof the ATG by presenting
a naie evaluationstratey. This strat@y is only intended
to give aconceptualiew of themeaningof the ATG: prac-
tical techniquedor evaluationwill be discussedt length
in Sections4 and5.

Given aninstance of the relationalschema , is
evaluatedfollowing an iterative semantics. The iteration
proceedgop-davn: startingat the root type, evaluatese-
mantic rules associatedvith eachelementtype/entityen-
counteredandcreatenodedollowingtheDTD to construct
an XML tree. Theiterationat eachstageproducesa (par
tial) XML tree . At eachiteration,we considera par
ticularleafnode taggedwith associatedavith value
from . We nd the correspondingroduction ,
andtriggertherule associatedvith the production,substi-
tutingthevalue for theparameters in theirfunctions.
Theresultingfunctionscompute  foreach in . For
each , its function generates singletuple asthe value
of (or for some in the caseof disjunction)
exceptwhenthe productionis of the form . For
eachvaluein ,wecreatea nodeandexpandthetree

by appendinghesenodesto  asthe children of
More speci cally, we do thefollowing:

(1) For aproduction , recallthat is its

semantiaule. If returnstheemptysetor multiple values,
thenthe evaluationaborts;otherwisea text nodeis created
astheonly child of with  asits PCDATA.

(2) The semantiaulesfor a production

arede ned as: L f

one of the functions returnsthe empty setor multiple

values,thenthe evaluationaborts,while if each returns

a singlevalue,thenasingle  nodeis createdfor each
, carryingthe value. Thesenodesaretreatedasthe

childrenof , in theorderspeci edby the production.

(3) For a production , recallthatits

semantiaule is de ned with a caseclause.The condition
queryin theclauseis evaluatedrst, andbasednits value,
aparticular is selectecandthe correspondindunction

forcomputing  isevaluated A single nodeiscreated
astheonly child of thenode |, carryingthe value.

(4) For aproduction , recallthatits semantiaule
isde ned as: . If thequery returnsempty
thenno childrenareappendedo ; otherwise nodes
taggedwith  arecreatedwhere is the cardinality of



the outputof , suchthateach nodecarriesa distinct
valuefromtheset . Thesenodesarethechildrenof

(5) Nothingneeddo be donefor a production

As a nal step,weeliminatenodesaggedwith anentity
to constructan XML treeconformingto , asdescribedn
Sec.2. We use to denotethe XML tree.

Obsene thateachstepof the iterationexpandsthe tree
strictly following the DTD In particular when is
recursvely de ned, the data-drvenevaluationexpandsthe
treeto alevelwhichis determinedy therelationaldataand
thesemantiaules. It is easyto verify thatif the evaluation
of the ATG terminatessuccessfullywithout aborting), it
generatesn XML treethatconformsto . Thisyieldsa
systematieanethodof DTD-directedpublishing.

Example 3.1: Given a databasdnstanceof the schema
, the evaluationof the ATG  in Fig. 3 generatesan
XML treethat conformsto DTD asfollows. It rst
createghe root of the tree,taggedwith db. It thencom-
putesa setof tuplesof the form (partkey, name) us-
ing thequery . For eachtuple, a distinct nodelabeled
part is createdcarryingthe tuple asits attribute
Thesenodesarethe children of the root. For eachpart
node, its suppliers , pname andparts childrenare
createdby usingthe queries and , respectiely,
and by treatingmembersof the tuplein asparam-
eters. Similarly, for eachsuppliers  node,its subtree
is constructedwith the queries  to ; eachpname
nodein turn hasa text node asits child, which carries
.name asits PCDATA; andat eachparts node,
thequery s executedwith attribute .partkey
as parameter and its part children are generated,as
long asthe partidenti ed by .partkey hassub-parts,
ie, ( .partkey ) doesnotreturnanemptyset.
Thus the XML tree generatechas an unboundedheight
determinedby the relationaldata. Obsenre that the non-
deterministicchoiceataddress is handledby , which
is speci edwith aconditionquery : *“ .addr 7
that returnseither or . Also note that the evaluation
abortsif the query  doesnot returna single tuple; but
this will not happenas is executedwith a particu-
lar parameter: .addr (treatedas a constant)
and .nationkey  (akey of the Nation rela-
tion). As thelaststep,nodegsaggedwith suppliers  and
parts (entities)are eliminatedby meming thesenodes
with their parents.

Example3.1 demonstratethe following: (1) ATGsare
capableof expressingecursve XML views. (2) They can
also handlenon-deterministidDTDs, namely DTDs de-
ned with disjunction.(3) ATGscapturegroup-byby pass-
ing attributesas parameterse.g.,in for part and
for supplier , withoutintroducingexplicit constructs.

3.2 Static analyses

Corr ectnessand termination of ATGs. Thede nition of
ATGseasilyensureshebasiccorrectnessesult:

Proposition 3.1: For any ATG
databasenstance of |, if
on ,then

and for any
terminateswithoutaborting
is an XML treethat conformsto

Of courseanATG maynotterminatepr mayabort. The
guestionthusariseswhetheror notterminationof an ATG
evaluationis decidable Theterminationproblemfor ATGs
is to determinegivenary ATG , Whether ter
minateswithoutabortingon all input databasénstance of

. Closelyrelatedis the terminationproblemfor ATGson
an individual instance givenaninstance of , whether
terminatesvithoutabortingoninput .

Theorem3.2:

The termination problemis decidablefor ATGs de-
ned with unionsof conjunctivequeriesandarbitrary
DTDsin time exponentialin thesizeof ATG.

Onanindividualdatabasenstance , thetermination
problemis decidablefor arbitrary ATGsin time poly-
nomialin thesizeof .

The termination problem becomesundecidablefor
ATGsde nedwith arbitrary SQLqueries.

The rst decidabilityresultshows thatit is possibleto
determinderminationfor animportantclassof ATGs. This
canbeprovedby reductionto thesatis ability problemfor
Datalogprograms(with equalityandinequality). This re-
sult still holdsin the presencef key constraintsn theun-
derlyingrelationalschemawith the samecomplexity. The
seconddecidability tells us that when the input database
instanceis x ed, one caneffectively determinethe termi-
nationof the evaluationof anarbitrary ATG. This follows
from the iterative semanticggiven in the last subsection.
The nal undecidabilityresult saysthat the termination
problemis beyond reachfor ATGs de ned with general
SQL queries. This can be establishedy reductionfrom
equivalenceof SQL queries.

Expressiveness ATGsareatleastaspowerful astheview
de nition languagesof the existing publishing systems,
namelyRXL [13] (TreeQL][3]) in SilkRouteandthe lan-
guageof XPERANTO [7]. Thatis, for any XML view de-
nable in RXL (TreeQL)or XPERANTO, it canalsobeex-
pressecsan ATG (with somesimplenonrecursie DTD).
Moreover, thereare ATGs that are not de nable in RXL
(TreeQL)andXPERANTO, e.g.,recursve ATGs.

4 Overview of ATG evaluation

In this section,we provide an overview of an efcient al-
gorithm for evaluating ATGs. As obsenred by [12], it
is advantageougo extract all the relevant relational data
rst andthenconstructhe nal XML documeniat a later
stage. Thus XML view evaluationconsistsof (1) a tuple-
geneation phasein which relationalqueriesaregenerated
and executedto producean outputrelation — a relational
representatioof theview; and(2) atagging phase where
the outputrelationis post-processetb producethe result
XML tree.In systemsuchas[12, 22] asetof SQL queries
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Figure4: Exampleof ATG graph , its partially unfoldedATG tree , andtheresultXML document.

can be producedat compile-timethat sufce to compute
the output relation. In contrast,it may not be feasible
to statically generatequeriesfor recursve ATGs (DTDs).

For ATGswethusrequireaniterativetuple-geneitionap-

proach: atrun-timeSQL queriesaregeneratedn-the- y to

constructhe outputrelationincrementally;astheiteration

proceedsintermediateresultsrequiredfor later computa-
tion needto bemaintained.To optimizethe evaluationpro-

cesave devisetechniquedor selectingcertainintermediate
resultsto materializein temporarytableswhile simultane-
ouslyunfoldingtherecursverulesin the ATG.

4.1 Generationof SQL queries

We illustratethe key ideasunderlyingour evaluationalgo-
rithm usingthe ATG  givenin Fig. 3, whichis an XML

view of the TPC-Hdata(schema ). To do sowe repre-
sent asamulti-graph depictedn Fig. 4(a),referredto
asthe ATG graphof , which canbe easilyderivedfrom
theDTD of . The ATG graphessentiallycontainsa
nodefor eachelementtype/entity . For eachproduction

rule , therearelabelededgesfrom to everyin-
stanceof elementtype/entity in . If , thenthe
edgehasa“ ” asa labelindicatingthat zero or more

elementanbe immediatelynestedwithin an  element.
Eachedgeis alsolabeledwith the SQL queryfor comput-
ing thevaluesof theattribute  of (de nedusing$ ).

Finally,if isadisjunctionthenthe nodeislabeledwith

the conditionqueryin the caseclause(its outgoingedges
areindicatedby dashedinesto distinguishfrom the case
of a concatenation) Note that, asshowvn in Fig. 4(a), the
ATG graphfor recursve DTDs containscycles.

The ATG graphis usefulfor generatinghe ATG tree,
which is essentiallythe templatefor the result XML tree.
In the absenceof recursion,the ATG treeis constructed
by startingwith the root nodeand moving downwards;at
eachnode encounteredt createsdistinct children of the
correspondinghodein the ATG graph. For ATG graphs
with cycles, this processwould not terminate;asa result,
whenbuilding an ATG treein the presenceof recursion,
we only expandnodesto a boundeddepth. For instance,

Fig.4(b)illustratesapartialATG tree  (for the ATG graph
in Fig. 4(a))whenpart is expandedwice. (For simplicity
we omittheaddress subtreeundersupplier ).
Evaluatingthe ATG tree formed at a stageof the iter-
ation, i.e., executingthe SQL queriesand computingat-
tributesassociateavith the tree,will give a portionof the
outputrelation. Our evaluationstratey, then,is to itera-
tively unfold the graphinto an ATG tree and createSQL
queriesghatappenduplesto theoutputrelation. Thisitera-
tion continueauntil noleavesof thetreecancontritutenew
tuplesto theoutputrelation,i.e.,theentirerelationhasbeen
generated For example,we unfold and evaluatethe ATG
graph of untilnopart encounterethassub-parts.

We next considethow to generategivena (partial) ATG
tree , SQL queriesthat returnoutputrelationtuples. A
tuple containsinformation that can uniquely identify the
position and contentof a nodein the output XML tree,
namely a codingof a root-to-leafpath, and string values
for text contentof nodeson the path. This canbe donein
severalwaysby varyingthe setsof SQL queriesto begen-
erated.Similar to theapproachadoptedy SilkRoute[12],
we generat@ueriesy rst partitioning into asetof dis-
joint subtreegeferredto asP-membes, andthenproduc-
ing for eachP-member asingleSQLquery  suchthat
thecompositiorof ~ 'salongapathcomputegheportion
of the outputrelation correspondingo that path. For ex-
ample,the ATG tree in Fig. 4(b) is partitionedinto ve
P-members to  (thelastthreeP-membersootedat
address andsuppliers  arenotshowvn). Thequery
generatedor is givenin Fig. 5, which computesone
portion of the outputrelatior?. In general,the query
for a P-member canbe expressedasan outerunion of
subqueriecorrespondingo certainpathsin the subtree;
suchaqueryis calledasortedouterunionqueryin [22]. In
particular  in Fig. 5 is anouterunionof two subqueries
for the pathsfrom the root to supplier  andthesecond
part in . Thesubqguerieganbeeasilydervedby com-

2To avoid clutteringthe querieswe have omittedcertainauxiliary at-
tributes(thatareusedfor sortingthe output)from the selectclauses.



select

p.partkey as partkey, X.suppkey as suppkey,
X.sname as sname, p.pname as pname,
null as partkey2, null  as pname2
from Part p left outer join
((select ps.partkey as partkey,
s.suppkey as suppkey, s.sname as sname
from PartSupplier ps, Supplier s
where ps.suppkey = s.suppkey) as X)
on p.partkey = X.partkey
where p.brand = “Acme"
union
select  p.partkey as partkey, null as suppkey,
null  as sname, null as pname
X.partkey2 as partkey?2, X.pname2 as pname2
from Part p left outer join
((select m.partkeyl as partkeyl,
m.partkey2 as partkey2, p2.pname as pname2
from MadeOf m, Part p2
where m.partkey2 = p2.partkey) as X)
on p.partkey = X.partkeyl
where p.brand = “Acme"
order by partkey, suppkey, partkey2
Figure5: SQLquery for P-member of inFig.4(b).
Equivalent to the first subquery of (Fig.5 )
without  null  attributes partkey2 and pname
select  p.partkey, p2.partkey2, p2.pname
from Part p, MadeOf m, Part p2
where p.brand = TAcme"
and m.partkeyl = p.partkey
and m.partkey2 = p2.partkey
order by p.partkey, p2.partkey
select  p.partkey, m.partkey2, m2.partkey2,
p2.pname
from Part p, Part p2, MadeOf m, MadeOf m2
where p.brand = “Acme"
and p.partkey = m.partkeyl
and m.partkey2 = m2.partkeyl
and m2.partkey2 = p2.partkey
order by p.partkey, m.partkey2, m2.partkey?2

Figure6: SQL queriesfor , , of Fig.4(c).
posingthe SQL queriesn the ATG tre€’: the rst subquery
is generatedby “composing”thequeries , , ,
,andthesecondneby composing , , .
The left-outerjoin in  ensureghattuplesaregenerate
for partswith no suppliersandzerosub-parts.The sorting
in is to facilitate an ef cient generationof the output
XML data(to be explainedshortly).
Notethatthetuplescomputedoy  arerelatively large
(in termsof arity, i.e., the numberof attributes)and thus
mayincludemary null values.Alternatively, onecouldre-
ducethe arity of the outputtuplesby choosinga different
partition that producesmore subtreef smallersizes. To
illustratethis, consideranothempartitionshavn in Fig. 4(c)
whichincludessix P-membergsubtreesof which only the
rst three are showvn). Here we further partition of
Fig. 4(b)into and . The queriesgeneratedor
and aregivenin Fig. 6. Theresultsgeneratedy

3By the syntaxof ATGsonecanshaw thatary functionin asemantic
rule canbewritten asan SQL query

Part MadeOf
partlkey | name | brand partleyl | partkey?2
pl P1 Acme pl p2
p2 P2 Bar pl p3
p3 P3 Foo p2 p4
p4 P4 Bar p2 p5
p5 P5 Foo
PartSupp Supplier
partley | suppley suppley | name
pl sl sl S1
p4 sl s2 S2
p4 s2

Figure7: A databasnstanceof theschema

Outputfor
partley | suppky | sname| pname
pl sl S1 P1
pl s2 S2 P1
Outputfor
partleyl | partkey2 | pname
pl p2 P2
pl p3 P3
Outputfor
partleyl | partley2 | partkey3 | pname3
pl p2 p4 P4
pl p2 p5 P5

Figure8: Outputrelationsof queries , ,

thesequerieson aninstance(Fig. 7) of the schema is
depictedn Fig. 8 (we shaw only therelevantrelationsand
attributesof ). Obsene thatthe tuplescomputedby
and have smalleraritiesthanthoseproducedy , and
thuscontainfewer null values.lt shouldbe mentionedhat
large partitionsdo not always outperformsmall ones. We
will revisit thisissuein Sec.5, wherewe presenheuristics
for nding agoodpatrtition.

To correctly combinethe resultsof variousqueriesfor
the generatiorof the outputXML documentthe queryfor
eachP-memberalso needsto include the necessarkey
attributesalongthe path from the root of the ATG graph
to the root of the P-member For example,query  in
Fig. 6 includestwo additionalkey attributes(partkeyl
andpartkey2 ) correspondingothetoptwo part nodes
alongthepathfrom db to thebottompart nodein

Onceall the generatedjuerieshave beenexecuted the
output XML document(shovn partially in Fig. 4(d)) is
generatedy joining the outputrelationsfor partitionsand
taggingtheresultingtuplesbasedn their key values.This
canbedonevia a simplesequentiabcanof eachoutputre-
lation outsideof therelationaldatabasengine following a
top-donvn approachsimilar to the conceptuakvaluationin
Section3.1.

4.2 Unfolding and materialization

In this subsectionye presentwo optimizationtechniques
for evaluating ATGs that distinguishour framework from
the existing systemsTheimportanceof the proposedpti-
mizationis highlightedwhenATGsarerecursvely de ned.
We shouldpoint out that althoughlinear recursve query
evaluationis supportedoy somecommerciaDBMSs, the



select t.partkey, t.partkey2, m.partkey2,
p.pname

from Part p, MadeOf m, Temp t

where  t.partkey2 = m.partkeyl

and m.partkey2 = p.partkey

order by t.partkey, t.partkey2, m.partkey2

Figure9: Rewriting of  usingmaterializedesult.
availability of this capabilityis not adequatdo handlethe
formsof recursionthatcanarisein recursve DTDs.

The rst technique,unfolding, is to addressa natural
guestion: How deepshouldwe expandeachleaf nodein
apartial ATG tree? Clearly; it is not practicalto fully un-
fold a (cyclic) ATG graphsincewe do not know the nal
structureof the fully unfoldedATG treein adwvance. To
overcomethis, we proposea simplesolutionof unfolding
andpartitioningin iterationsasfollows. Supposéhat is
the partially expandedATG treeat the startof aniteration.
For eachnodein , the SQL queriesexecutedduring the
previousiterationsgenerate setof valuesin theoutputre-
lation. We shallreferto thosenodesof ~ with whichsome
non- tuplesare associatedas non-emptynodes. Our
unfolding schemesxpandseachnon-emptyleaf in up
to amaximumdepthof ; thus,the depthof the subtree
rootedat doesnotexceed , where isaparameterEach
suchsubtree (thatresultsfrom expandinga non-empty
leaf ) isthenpartitioned andSQL queriedor thepartition
areexecutedo generatevaluesfor nodesin

Note thatthereis a tradeof involvedin the numberof
levels to unfold a non-emptynode. The advantagef
unfoldingnode by a large numberof levels arethatthe
partitioningof ~ canbeoptimizedbetterdueto 'slarger
size. However, a dangerwith excessve unfolding is that
mary nodesin  may endup beingempty thuscausing
unnecessargomputation.Thus,parameter mustbe cho-
senwith careto generatea goodplan. Furtherexperimen-
tationis neededo obtainguidelinesfor the choiceof

The secondechniqueguerymaterializationis to over-
cometwo performanceale ciencies.First, asillustratedby
queries and inFig. 6, thereareoftencommonsube-
pressionsharedby the generatedjueriesdueto the need
to includeadditionalkey attributesfor sortingthequeryre-
sults.Oneobviousoptimizationis to materializetheresults
of sothat canberewrittento referencahe material-
izedresults.However, the materializedresultsfor ~ con-
tain mary attributesirrelevantto . It is moreef cient to
materializeonly asubsetf theresultsof . For ourexam-
ple,if we materializethe projectiononthe rst two output
attributesof  in atemporaryrelationTemp(partkey,
partkey2) , then canbe rewritten asthe query
shavn in Fig. 9 to save onejoin computation.

Second,as indicatedearlier the numberof additional
key attributesto beincludedin the outputresultfor a sub-
tree increaseswith the “depth” of that subtree. Clearly,
this canresultin very large compositekeys, particularly
for recursve DTDs. Thus,in additionto usingqueryma-
terializationto avoid redundantomputationof common
subepressionswe can also materializeadditional map-
ping tablesto map large keys to more conciseauxiliary

(a) Mappingtablefor (b) Compressedutputfor
partleyl | partley2 | CKey CKey | partley3 | pname3
pl p2 1 1 p4 P4
pl p3 2 1 p5 P5

Figure10: Useof mappingtablesto compresdargekeys.
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keys so asto improve both storageand processingef -
ciengy. For example,Fig. 10(a)shovs a mappingtablethat
mapsthe compositekey of  to asingleauxiliary key at-
tribute ; thisis usedto compressheoutputof , as
illustratedin Fig. 10(b), by replacingthepre x of its com-
positekey with thecompresseley. Theeffectof key com-
pressiorbecomesnoreevidentfor long paths,e.g.,a sin-
gle key for when islarge. Note
thatthe mappingtablecanbe computedaspartof the ma-
terializedqueryfor avoiding redundanfoin computations.
Thecompresset#ieys arechoserto have the sameorderas
the compositekeys (e.g.,by usinga simplecounter). This
ensureghattheinversemappingfrom compresseéteys to
compositekeys canbe carriedout in a single scanof the
mappingtableswhenrelationsfor partitionsarejoined.

4.3 Systemarchitecture

We arenow readyto give anoverview of thearchitectureof
our DTD-directedpublishingsystemPRATA. As depicted
in Fig. 11, it takesan ATG graph  (for )
andadatabasénstance of asinputsandgeneratesin
XML documenthatconformsto . It consistsof atuple
generatiorphasgindicatedby thelargeouterbox) produc-
ing outputrelations followedby thetupletaggingphaseao
generateghe XML documenfrom the outputrelations.
The tuple generationphaseconsistsof an iterative se-
guenceof four steps. The rst steppartially unfoldsthe
ATG graphto anATG tree , asdescribeckarliet To opti-
mizetheevaluationof thesecondstepthendetermines
partitioningof  aswell asa setof intermediatequeries
to be materialized(seeSec.5). The third steptakes as
input the partition of  andthe materializationplan, and
generates setof SQL queriesto evaluate . The fourth
stepexecuteghe generatedjueriesto producethe materi-
alizedresultsand outputrelations. The systemiteratively
repeatsthe executionof thesestepsuntil the termination
conditionis met,asdescribecdearlier Finally, thetupletag-
ging phaseusesthe output relations,the mappingtables
for compresselleysandtheDTD associatedvith the ATG



graphto generatehe XML document;during this phase
additionalchecksare performedto seeif the transforma-
tion needsto be aborted(we omit the discussiornof these
latter checksandthe SQL querygeneratioralgorithmdue
to spaceconstraints).

5 Plangeneration

As describedn the previous section,the evaluationof an
ATG graphis carriedout in iterations: in eachiteration,
non-emptyleaf nodesof a partially expandedATG tree
areexpandedfurtherto a certaindepth. Further for each
newly-expandedsubtree,an evaluationplan is generated
andexecutedto producethe outputtuplesfor the subtree.
In this sectionwe answera centralquestionfor ATG graph
evaluationin eachiteration: How shouldwe generatean
optimalplanto evaluateeachexpandedsubtree?

Thegoal of plangenerationis, givena subtreeto com-
puteapartitionfor the subtreeanda setof nodeso materi-
alizein thesubtreesuchthatthe costof executingthe SQL
gueriescorrespondindo the partition (usingthe material-
ized tables)is minimum. Further asin [12], we would
like our plan generationalgorithmto be loosely coupled
with the underlyingrelational DBMS, only relying on it
for coarsestatisticslik e the costof executinga query the
gueryexecutionplanandthesizeof thequeryresult.

Clearly, a smallerpartition (i.e., fewer P-membersgn-
ablesthe DBMS optimizerto generateébetterplansfor the
gueriescorrespondingo the partition. However, aswe sav
before,with fewer P-membersthe size of eachqueryre-
sultincreasesliueto thelarge numberof null valuesfor at-
tributes(dueto the outerunionoperation).Thus,our parti-
tioning algorithmmustbalancehebene t of sharingquery
computatiordueto asmallerpartitionwith thelargerresult
sizesof a smallerpartition. Similarly trade-ofs needto be
keptin mind whendecidingwhich subtreenodesto mate-
rialize. While materializingintermediateresultsat a node
canreducethe costof executingqueriesfor descendan®-
member$, thereis anoverheadvith temporarytables(e.g.,
writing thematerializedesultto disk) thatpreventsusfrom
materializingtoo mary nodes.In this section,we presentl
greedyheuristicthatbalanceghe above trade-ofs to com-
puteagoodpartitionalongwith theoptimalnodesto mate-
rialize for evaluatingP-memberén this partition. Notethat
our plangeneratioralgorithmdiffersfrom thatof the exist-
ing systemswherematerializationof intermediateresults
is notconsidered.

Beforewe presenthe algorithm,we formulatethe pre-
ciseoptimizationproblemanddevelopthe necessaryota-
tion. Let denotethe partial ATG tree, bethenodejust
expandedand  denotethe subtreerootedat thatwe
wantto partition. Considera partition of .Let de-
noteaP-membein thatis rootedatthenode . We de-
noteby theSQL queryfor , anddenoteby the
SQL queryfor materializingnode . For example,refer
ring to Figs.4(c)and 6, theSQL queryfor P-member is

4A P-memberootedatanode is adescendar®-membenf iff

is adescendantodeof .

, while the SQL queryfor the materializedhodelabeled
part in is . Furtherlet _ and _
denote,respectsvely, the costfor evaluatingaquery and
the cardinality of the query resultfor  returnedby the
DBMS optimizer (MostcommerciaDBMSs provide sup-
port for suchstatistics).Also, let - denotethe
numberof attributesin theresultfor . Thus,thetotal size
of the resultof a query is .
Sincethe estimatedotal costof executmgquery in-
volvesrunningit attheDBMS andthenretrieving theresult
tuples(possiblyover a network), we modelthe overall cost
without materializatioras(similarto [12]):

Above, and areweightparametersisedto vary the
trade-of betweerthe costof queryevaluationandthe cost
of transferringthe queryresultfrom the databassener to
theclient.

We next compute for a materializednode anda de-
scendanP-member  of , the costof executing

when is rewrittenin termsof thematerializedablefor
. We denotethis costby . Notethatthe
bene tof materializing for P-member isthengivenby

. As before,we model

Thefunctionsin thesecondermcanbeestimatedairly ac-
curately Specically, _ -
and - is essentially
minusthe numberof ancestonodesof node in the ATG
tree . We subtractthe numberof intermediatenodesbe-
tweentherootand (andadd1l) sincein the materialized
tablefor , all keys for nodesthatareancestorof in
arereplacedwith a singleauxiliary attribute CKey (dueto
key compression)Thus,to estimate  _ , we
only needio getgoodestimategsor _ . How-
ever, estimating _ accuratelyis somavhat
dif cult sinceour plangeneratioralgorithmis responsible
for determiningthe nodesin to materialize,and thus
noneof the nodesin are materializedwhen our algo-
rithm is invoked. A crudeapproximationthat we found
to work quite well in our experimentsis to simply model
as _ - . Thisis

becausen somerespect, isactuallyasubqueryof
(since  is adescendanof |, is obtainedasa re-
sult of querycompositionwith ). A problemwith this
approximationhowever, is thatthequeryplanfor ~ may
not matchthe onefor the subquery in . To x this
problem,we add hints to so that the executionplan
(speciallyjoin order)for query is forcedonthe DBMS
queryoptimizerwhenit generates planfor (current
DBMSs provide hooksfor specifyinghints for preferring
certainjoin orders,e.g.,the ORDERkeyword in Oracle).
Thisyieldsafairly goodestimateof

We next turn our attentionto the costof materlahzmg
the queryfor anode . The attributesfor the materialized



tableof essentiallyconsistof: (1) a singleauxiliary key
attribute CKey thatis a proxy for all the distinctcombina-
tionsof key valuesfor nodesn thepathfrom therootto in

, and(2) theattributesin theselect clausefor  that

arereferencedn the queriesrelating to its descendants.

Let  denotetheclosestancestonodeof thathasbeen
materialized.Then,we canmodelthe costof materializing
theintermediatdablefor using as:

wherethe rst termis the costof evaluating  usingthe
materializedesult , andtheseconderm(weightedwith
anotheparameter ) modelsthecostof writing to disk (at
the DBMS) the materializedableafterkey compression.

We arenow in apositionto de ne thecostof evaluating
SQL queriesfor apartitionof ~ whencertainnodesn
arematerialized.For a partition of  andasetof ma-
terializednodes in , we de ne the costof evaluating

as:

Ourobjectveis to computea partition of  andasetof
nodes to materializein  suchthat is
minimum. Unfortunately this problemcanbe shovn to be
NP-hard(reductionfrom SetPartition).

In the following, we presenta greedyheuristic,Proce-
dure PARTITION, that,given , attemptsto nd a parti-

tion of andasetof nodes to materializesuchthat
is small. Theheuristic(Fig. 12) startswith
eachnodeof asaseparaté>-memberandin eachitera-

tion of the while loop in Step3, memesa pair of neigh-
boring P-membersn  suchthat the cost of evaluating
the resultingP-membergafter memging) is minimum. Of
course,for a partition, the cost of evaluationdependson
thesetof nodesmaterializedn . Thus,in eachiteration,
we would like to memge the pair of P-membersuchthat
for theresultingpartition , if the optimal setof nodesin

arematerializedthenthe costof evaluating is min-
imum. In orderto determinethis optimalset  of nodes
to materializefor a partition  sothat is

minimized,Procedurd”PARTITION invokesProceduréM A-
TERIALIZE (explainedbelow). Note that ProcedurePAR-
TITION terminatesoncethe costfor  cannotbe further
reducedy memgingthe P-membersn it.

We now describethe key ideas underlying Proce-
dureMATERIALIZE (givenin Fig. 13). Supposedor a par
tition andanode in , mCostf ].mSet denotes
the optimal set of nodesto materializein the subtree
rootedat node , where . Also, with the nodesin
mCost[ ].mSet materializedJetmCost[  ].cost be
the costof evaluatingthe P-membersn  thatare (com-
pletely) containedwithin . Let child( ) denotethe chil-
drenof node . Then,it is possibleto computemCost[.]
for in termsof mCost[.] for its children.

procedure PARTITION( , , )
begin

1.

2. benet

3. while bene t

4, bene t

5. [cost, mSet] ;= MATERIALIZE
6

7

8

9

for eachpair of P-members connectedy anedgein

[cost', mSet'] := MATERIALIZE
if (benet  cost - cost)
10. benet :=cost - cost'

. pp
12. if benet

16. ‘= MATERIALIZE
17. return
end

Figure12: Partitioningalgorithm

if is not the root of a P-member

otherwise

In the two equationsabove, the two termsin each
expressioncorrespondo the two casesn which
is notmaterializedin whichcase staystheclosesima-
terializedancestofor eachchild of )or ismaterialized
(in whichcase becomeghenew closestmaterializedan-
cestorfor eachchild ). Notethatfor the casewhen is
materializedusing , anadditionalcostof -
is addedto the sum of the costsfor all children . Fur
ther, if is theroot nodefor a P-member (second
equation)thenwe alsoneedto includethe costof evaluat-
ing P-member , _ and _
for thetwo casesvhen is not materializedandmaterial-
ized,respectiely (sincethiscostis notincludedin thecosts
for 's children). Comparingthe costsin the two cases,
it is possibleto determinewhetheror not to materialize .
ProcedurdM ATERIALIZE usegheabove equatiornto recur
sively computemCost[ ].mCost andmCost[ ].mSet, and
returnstheseto Procedurd®ARTITION.

Our evaluation procedurewill thus proceedby itera-
tively unfoldingthe ATG graphandcallingProcedurdAR-
TITION for eachnon-emptyleaf (using andthenear
estpreviously materializedancestor asarguments).The
worst-caseime compleities of ProcedureSMATERIALIZE
andPARTITION are and , respectiely, where

is thenumberof nodesin

6 Experiments

In this section,we presenexperimentakesultson the per
formanceof our ATG evaluationalgorithms. One of the
novel aspectshatdistinguisheour ATG-basedXML pub-
lishing approactHrom previouswork (e.g.,[12]) is thema-



procedure MATERIALIZE( )

begin

1. if mCost[ ].computed = true

2. return [mcost[  ].cost, mcost[ ].mSet]
3. costl:=0

4. mSetl =

5. cost2 :=mat_cost( )

6. mSet2 :=

7. for eachchild of node intree

8 [cost, mSet] ;= MATERIALIZE( )

9 costl :=costl cost

10. mSetl:=mSetl mSet

11. [cost, mSet] := MATERIALIZE( )
12. cost2:=cost2 cost

13. mSet2:=mSet2 mSet

is theroot of a P-membersay

15. costl:=costl tot_cost( )
16. cost2:=cost2 tot_cost( )
17.if (costl cost2)

18. mCost[ ].cost:=costl

19. mCost[ ].mSet:=mSetl

20. else

21. mCost[ ].cost:=cost2

22. mCost[ ].mSet:=mSet2

23. mCost[  ].computed := true
24.return [mcost]  ].cost, mcost]  ].mSet]
end

Figure13: ProceduréMATERIALIZE

terializationof queriesfor intermediatenodesof an ATG
tree. As describedin Sec.4.2, such materializationhas
the potentialto improve overall systemperformancesince
gueriedor descendamartitionsof a nodecanberewritten
in termsof the materializediable for the node. Thus, the
computation(e.g.,joins) performedn materializingtheta-
ble for anodeis sharecamongthenodes descendants.

Theresultsof our experimentsgpresentedn this section
supportthe above thesis,anddemonstrate¢hat judiciously
materializinga few selectednternalnodesof the ATG tree
can indeedsigni cantly reduceevaluationtime. This is
mostnoticeablefor ATG treesthataredeep,which is fre-
guentlythe casewith recursve ATGs. Thus,we expectthat
existing XML publishingsystemdik e SilkRoute[12] (that
partitiontheview tree®, but do not materializeintermediate
results)canbene t from incorporatingmaterialization.

In ourexperimentsyve usedavariantof the TPC-Hrela-
tional schemaresenteaarlierin Fig. 1. Exceptfor theta-
ble MadeOf, therestof thetablesaregeneratedvith TPC's
dbgen utility usinga scalefactorof , wherethe cardi-
nalitiesof the Part , Supplier , andPartSupp tables
are , ,and , respectiely. The MadeOf table,
which hasa cardinality of about , is generatedan-
domly suchthat eachpart hasat mostfour sub-partsand
the maximumheightof eachpart hierarchyis at most10.
We measuredhe queryexecutiontime to generatehe out-
put relationsfor the portion of the ATG shavn in Fig. 3
that involves only elementspart , supplier , pname
andsname. Thus,the ATG graphis essentiallyidentical
to the one shavn in Fig. 4(a) without address andits
subelements.

Our experimentavereconductedvith a databaselient

5Theview treeis similarto our ATG tree,exceptthatit is not dynami-
cally expandedn [12].
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Figure14: Bene ts of Materialization.

consistingof asimpleembedde®QL program,submitting
gueriesto a databasesener (via a JDBC interface)on a

PentiumlV machinewith of mainmem-
ory runningWindows 6,

Fig. 14 depictsthe impactof materializationasa func-
tion of thetreedepth for two differentweightcon gura-
tions. For eachdepthvalue , we rst createda ATG tree
with levelsby unfoldingthe ATG graph times
andthenevaluatedhe ATG treebothwith andwithout ma-
terializationto comparehebene tsof materializationThe
evaluationtime measureboththetime to materializanter-
mediateresults(for thecasewith materializationjpswell as
thetime to executethequeries.Theresultsin the gure in-
dicatethat materializationcan speedup the evaluationby
afactorof upto almost . Furthermoreaswe expected,
thebene t of materializatiorgenerallyincreasessthetree
depthincreases:the materializednodesin a larger ATG
treecanbene t moreP-membergi.e., the precomputede-
sultsarereusedmoreoften)thusresultingin moresigni -
cantimprovements.We have alsoexploredthe sensitvity

8Dueto licensingrestrictionsyve arenotpermittecto identify thecom-
mercialproductused.



of our plan generationalgorithmsto the variousparame-
ters (e.g., weights ). As indicatedby Fig. 14,

the bene ts of our evaluationalgorithmsare ratherrobust

to thechange®f theseparameters.

7 Conclusion

In this paperwe have proposeda formalism, ATGs, for

publishingrelationaldatain XML with respecto a prede-
ned DTD, andwe havegivenef cient algorithmsfor eval-
uatingATGs. Themiddlevarewe have developed PRATA,

is to our knowledgethe rst systemguaranteeindTD-

conformance. Our experimentalresultsindicate that the
optimizationtechniquedntroducedor PRATA arenotonly
effectivein speedindATG evaluation,but arealsousefulin

the context of existing publishingsystems.

Therearekey differencedbetweemATGsandtraditional
attributegrammargAGs,see e.g.,[10]). A traditionalAG
is de ned with a context free grammar(without Kleene
star)andmore complicatedattributes(synthesizedndin-
herited).It takesa stringasaninput, parseghe stringwith
the grammay and computesattributes. In contrast,it is
not possibleto “parse” a relationaldatabasavith a DTD;
thusan ATG extractsrelevant datafrom the databasevia
gueries,and then constructsa parsetree of the DTD us-
ing the data. Therehave alsobeenapplicationsof AGsto
databasesg.g.,for constructingquery automatg 18] and
for queryingtext les [1]. Thesearemild variationsof tra-
ditional AGsandarequitedifferentfrom ATGs.

It is straightforvard to extend our framework to han-
dle DTD-directed transformationsfrom Object-Oriented
databasegso XML, and XML-to-XML transformations.
There are extensionsthat are more involved, and which
are the subjectof ongoingwork. One involves support-
ing the synthesizedttributesfoundin traditionalattribute
grammars. The extra expressive power of this extension
needsto be examined,aswell asits impacton ATG eval-
uation. We are also studyingthe extensionof this tech-
nigue from DTDs to XML Schemg23]. A speci cation
(schema)n XML Schemaypically consistof atypeanda
setof integrity constraintslin this context, schema-directed
mappingis to de ne an XML view of relationaldatasuch
that the XML documentgyeneratedboth conformto the
type and satisfy the constraints. Unfortunately it is im-
possibleevento decidewhetheror not a schemds consis-
tent[11], i.e., thereis ary documentsatisfyingit, dueto
the interactionbetweenintegrity constraintsand typesin
XML SchemaWe areworking onidentifying practicalre-
strictionson XML Schemafor effective schema-directed
publishing. Another topic is to explore the evaluation
of XML queries(e.g. XQuery [8]) againstATG-de ned
views. Finally, we arealsostudyingmethodsfor capturing
information-preservingransformationsia ATGs.
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