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1 Moti vation
Using schemaknowledge to optimize query evaluation,
known assemanticqueryoptimization(SQO),hasgener-
atedpromisingresultsin XML queryprocessing[2, 3, 7].
In XML streamprocessing,we can usethe schemacon-
straintsto expeditethetraversalof thestreamsandto min-
imize memory consumptionfor holding the intermediate
dataduringqueryevaluation.Theseareparticularlycritical
for streamapplications,which requirereal-timeresponses
andboth typically operatein limited main memory. How-
ever, asillustratedby themotivatingscenariosbelow, these
prior techniquesassumethattheXML schemais staticand
is availableprior to thestartof thequeryexecution[2, 3, 7].
As thescenariobelow highlightsthis assumptionis unreal-
istic andthusmayrenderexisting techniquesnonpractical.
CaseStudy 1: Assumethat in a news publishing(or dis-
semination)scenario,the news server retrievesnews from
a large numberof multiple sources,suchas different re-
porter devices, different broadcastagencies,and govern-
ment sourcesand disseminatessuch heterogeneousmes-
sagesasanXML streamto subscribers.Suchsourcesmay
disagreewith eachotheronsomeaspectsof theschema.To
provide a uniform interfaceto thedownstreamreceiver, the
streamservermaypre-de�neanoutputXML schema.Such
schemamustbe“coarse”enoughsothatall XML messages
in the streamdo conform to it. This universalschemais
likely to berathercoarse,if thediversityof sourcesis large,
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as it mustbe the lowestcommondenominatorof the fea-
turessharedacrossall sources. The schemawill contain
hugeoptional elementsand alternative subtypes,thus be-
cominglessamendablefor schemabasedoptimization.
CaseStudy 2: In an online auctionstream,auctionitems
canbe ratherdifferentover time. Maybeonly a few core
attributes,likepriceandexpirationdate,staythesame.Be-
yond theseattributes,different sellersof items can intro-
ducepropertiesto describetheir itemsat will. The stream
server shouldbe able to capturesuchschemare�nements
andprovide a runtimeschemato thestreamreceiver inter-
leavedwith thedatastream.For instance,whenoneperson
or company who sellsPCshappensto submit200 laptops,
thestreamservercanprovideare�ned schemato thestream
receiver, which is valid only for the next 200 XML mes-
sagesfrom thatseller.

From the above two casestudies,we observe that we
needtheability to specifydynamicschemachangesat run-
time andutilize thesere�nementsto performnot just static
but run timeSQO.
Our R-SOX Solution. Our proposedsystem R-SOX
(RuntimeSemanticqueryOptimizationoverXML streams)
is the�rst suchsystemdesignedto tackletheabove identi-
�ed challenges.R-SOX ef�ciently evaluatesXQuery ex-
pressionsover highly dynamicXML streams.Theschema
canswitch from optionalto mandatorytypes,from poten-
tially deepstructuresto shallow ones,or from recursive to
non-recursive types.

In R-SOX, the dynamicschemachangesareembedded
within the XML streamvia punctuation. The streamre-
ceiver then will exploit semanticoptimizationopportuni-
ties and provide the output streamin real-time using an
optimizedprocessingtime andmemoryfootprint,by short-
cuttingcomputationwhenpossibleandreleasingbufferdata
at theearliest.
State-of-the-Art. YFilter [9] includesa type inference
techniqueusing schemaknowledgeto decidewhetherre-
sultsof a patternarerecursion-free.However, it cannotbe
usedat run-time. XHints [1] extendsSIX by supporting
predicatesandonline index generationusingonly partially
bufferedstreams.R-SOX insteadfocuseson usingembed-



dedschemaknowledgeto speedup logical level patternre-
trieval. In practice,thesetechniquesarecomplimentaryand
could be combinedto achieve betterperformance.Our R-
SOX system,built with Raindrop[6, 4, 7, 5] as its query
enginekernel,now canspecifyruntimeschemare�nements
andperforma varietyof runtimeSQOstrategiesfor query
optimization.

Contributionsof R-SOX include:
1. We design techniquesthat adaptively invoke multi-

mode operatorsfor ef�cient processingof recursive
patternqueriesonpotentiallyrecursive dataguidedby
run-timeschema.

2. We applytheearly�ltering techniquesdynamicallyto
avoid unnecessarycomputationsonpatternretrieval to
now bedrivenby runtimeschemaknowledge.

3. We put forward a novel technique,calledunblocking
dataoutput,which avoids unnecessarydatabuffering
thusmaintainingaminimizedmemoryfootprint.

4. For changesof the plan at run time, we designtech-
niquesfor safemigrationby adjustingthe transitions
in automatonandassociatedplanexecutioncontrols.

2 R-SOX System
Thearchitectureof theR-SOX systemis describedin Fig-
ure1. Theinput XML streamsareannotatedby thestream
senderwith RSIs (Runtime SchemaInformation). The
StreamLoaderextractstheseRSIs from the input stream,
andtheSchemaKnowledgeManager maintainstheruntime
schemaknowledgeover timeaccordingto theRSIs.
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Figure 1. R­SOX System Architecture

The userXQuery is parsedandtranslatedinto a stream
executionplanby theQueryPlan Generator. TheRuntime
Query Plan Adaptor collectsruntime schemaknowledge,
performsonlinesemanticqueryoptimizationandincremen-
tal query plan migration. The output schemais inferred
by the runtime query plan adaptorbasedon the updated
schema.This output schemais propagatedto the Stream
Annotator, which will annotatethe queryresultgenerated
by theRaindropQueryEnginewith outputRSIs.

3 Runtime SchemaManagement

Designingthe Runtime SchemaModel. We now brie�y
describethe dynamicschemapunctuationmodelwe have

designedto interleave schemachangemetadatainto XML
data streams,called runtime schemainformation (RSI).
RSIsindicateschemachangesapplicablefor all subsequent
XML elementsin thestreamuntil whentheschemachange
expiresor is overwrittenby a laterRSI.RSIsaresentalong
with otherXML messagesin thestreamaspunctuations.

R SI ::= Scope,T ar get ,Action
Scope ::= ScopeT ype,ScopeLeng th ,ScopeLenT ype
ScopeT ype ::= xpath
ScopeLeng th ::= integ er j inf
ScopeLenT ype ::= T I M E jC OU N T
T ar get ::= T ar getT ype,T ar getP osT ype,T ar getC ar d
T ar getT ype ::= xpath
T ar getP osT ype ::= xpath jnul l
T ar getC ar d ::= �j + j?j (min; max ) jnul l
Action ::= + j � jR

Figure 2. Grammar of the RSI

RSI containsinformation for schemaknowledge con-
structionandupdating.Thegrammarof theRSI is sketched
in Figure2. The following exampleRSIsarede�ned over
theschemaof elementtypenews basedon thegrammar.
S1: <!ELEMENT news (source?, (paragraph|comment))>
RSI1:((/news,inf, TIME), (/news/comment,, ), - )
S2: <!ELEMENT news (source?, paragraph)>
RSI2:((/news,200,COUNT),(/news/category, /news/paragraph,* ), + )
S3: <!ELEMENT news (source?, paragraph, category * )>

RSI 1 on currentschemaS1 denotesthe changethat the
streamwill nothaveany comment elementfor futurenews
nodes. The runtimeschemaafter arrival of RSI 1 will be
S2. RSI 2 saysthat category� will appearafter the node
typeparagr aph for thesubsequent200news nodes.The
runtimeschemais changedcorrespondinglyto S3.
Building the Runtime Schema.Similar to otherprojects,
we modeltheruntimeschemaasa directedorderedgraph.
R-SOX maintainsthe currentschemagraphincrementally
by synchronizingit with newly arriving RSIs.

By theexampleabove, RSI S2indicatesthat thechange
onnews will beexpiresafter200news nodes.At thattime,
we needto roll backthechange.However, we cannotsim-
ply roll back to the previous versionof the schemagraph
becauseotherRSIsmayalreadyhave beeninstalledin the
meantime on the schemagraphafter this RSI. If we were
to blindly applythedeltachangein reverse,like addingthe
category nodebackto news, it is possiblethat the news
nodemay not exist any more. R-SOX offers the schema
managementbasedonschemaversionwith reversabledelta
changesaugmentedby changedependencies.

4 Runtime Query Optimization Strategies
We now highlight someof the semanticquery optimiza-
tion(SQO)strategiesusedby our run time optimizer. We
now apply query optimization strategies whenever the
schemachanges.Thusthesystemhasto performplanmi-
grationafterthequeryoptimization.

Run-time Plan Migration Strategy. When the schema
changes,a new queryplanwill begeneratedby optimizer.
In traditionalstreamsystems,it is safeto drainoutall exist-
ing tuplesin themiddleoperatorsif operatorsarestateless.
However, this is not thecasefor XML streams.Thebuffer



in themiddleoperatorsin theplanmaycontainpartialele-
ments.Sowecouldbecorruptingtheresultsif migrationis
notdonecarefully.

The algebraplan changecanalsonegatively effect the
automaton.Sincethe queryplan is changed,the patterns
to retrieve by automatonmay have to be changedaswell.
For this, we identify safemomentsfor migrationandthen
remove appropriatetransitionsfrom statesand adjust the
automatonstackif needed.

ProcessingRecursive Types. Recursive typeswill make
thedescendentpatternretrieval (“==”) in XPathmorecom-
plex andthusresourceintensive. For a input streamhaving
recursive schema,RSIscanbeusedby thestreamserver to
indicatetheexistenceof recursionfor datafragmentsor in-
dicatethedepthof therecursionlevel. For instance,if RSIs
indicatethedatafragmentis recursive,wewill applyrecur-
sive modealgebraoperatorsin thequeryplanthatmaintain
andassociateID informationwith eachelement.We must
performID basedcomparisonin thedownstreamjoin oper-
atorto obtaincorrectresults.If RSIsindicatethedatafrag-
mentis notrecursive,non-recursivemodealgebraoperators
which do not needto performID comparisonin thedown-
streamjoin operatorssare invoked at runtime. Thusboth
the memoryandcomputationcostcanbe saved whenwe
useRSIsto indicatethe recursioninformationaboutthese
elements[8].

Early Filtering . Dynamic SQO in R-SOX utilizes early
detectionof failedpredicates.If within a bindingof $v, re-
sultsof p� mustall occurbeforeany of p� , we saya result
of p� is an endingmark of p� . We cantestthe predicates
of p� earlierassoonaswe seeanoccurrenceof p� , with-
out waiting for theendtagof $v. This failure testwill in-
voke skippingtheevaluationof all theotherXPathswithin
this binding.R-SOX supportsdynamicSQOrulesutilizing
ordering,occurrence,or exclusive constraintsin the XML
schema.While in our earlierwork [7] we supportedstatic
optimization,we now have enhancedthesetechniquesto
be triggeredby RSIsat runtime. Let's considerthe exam-
ple shown in Query1, which asksfor the paragr aph and
comment informationunderthe news elementwith state
name“MA”.

Query 1: for $p in /news_stream/news
where $p/state = ``MA''
return $p/paragraph, $p/comment

Supposethattheruntimeschemafor thecurrent$p binding
hasbeenre�ned by RSIsfrom SchemaS4 to S5:

S4: <!ELEMENT news (source, nation?, state?,
(paragraph | comment | category) * )>

S5: <!ELEMENT news (source, (nation | state),
paragraph * , comment* , category * )>

Both the exclusive and ordering constraintscan be used
to achieve the early �ltering optimization in Query 1.
The ordering constraint indicates that $p=paragr aph,
$p=commentand$p=category arecandidateendingmarks
for the XPath $p=state. The exclusive constraintbetween

the nation and state provides anotherpossibleending
markfor the$p=state.

Unblocking Data Output. In the queryexecution,opera-
torsneedto wait for thecompletenessof thewholebound
patternbeforepassingdataup to the outputbecausesome
predicatesmay not yet be satis�ed or the extractedpat-
ternsneedto be outputaccordingto a speci�ed sequence.
The plan rewriting algorithm of R-SOX can avoid such
dataholdingby earlydetectionof successfulpredicatesand
switchingtheoutputmodeof relatedoperators.This opti-
mizationis calledunblocking data output.We performthis
optimizationby: (a) checkingpredicatesearlierand(b) en-
suringtheelementssatisfytheoutputsequence.

Considerthe example shown in Query 1 that outputs
theparagr aph andcomment lists for eachnews element
while the predicateon state hasbeensatis�ed. Assume
we checkthe predicateearly and the runtime schemafor
the currentbinding news is re�ned by RSIs from S4 to
S5. Under S4, we needto hold at least the comment
list becausethe output sequencerequiresthe paragr aph
list to be returnedbeforethe comment list. The re�ned
schemaS5 provides order constraintbetweenparagr aph
andcomment. Now we neednot hold any paragr aph or
comment oncethepredicateis satis�ed.

Sometimesdataholding cannotbe avoidedbecausethe
available constraintinformation is not suf�cient. For in-
stance,considertheschemais re�ned from S4 to S6:
S6: <!ELEMENT news (source, (nation | state),

(paragraph | comment) * , (category | comment) * )>

In this case,we do not have enoughschemainformationto
remove thedataholdingof comments. Howevercategory
could now serve as the ending mark of the paragr aph.
Therefore,whenweseethe�rst category, all theextracted
commentscanbeoutput.

5 DemonstrationFocus
Theprototypeof R-SOX hasbeenimplementedusingJava
with theRaindropasits corequeryengine[5]. We usean
online auctionmonitoringasoneof the exampleapplica-
tionsin ourdemonstration.Stepsshown include:

Plan Visualization Tool. R-SOX parsesthe XQuery and
generatesautomaton-algebrastreamplans.Our visual tool
allowsviewersto exploretheplans.

Runtime SchemaManagement.Figure3 depictsanincre-
mentallymaintainedschemagraph.Theleft showstheRSIs
receivedandtheright representsthecurrentschemaknowl-
edgefor oneparticularauctiondatainput. Thehighlighted
nodeis to bedeletedaccordingto thenew RSI.

Runtime Plan Migration. With updatedschemaknowl-
edge,our queryplanre�nementwill updatethequeryplan
incrementally using R-SOX' s runtime SQO techniques.
Figure4 depictsasonerepresentative exampletheadapted
executionplan showing runtimecomputationshortcutsby



Figure 3. Runtime Schema Graph in R­SOX

Figure 4. Runtime Query Plan in R­SOX

applying the early �ltering technique. We will alsoshow
how andwhento migratetheplansafely.

PerformanceMonitoring . Wewill demonstratetheperfor-
mancebene�ts of different SQO strategies using metrics,
suchasexecutiontimeandbuffer requirements.
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