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Abstract. MonetDB/XQuery* isafully functionalpubliclyavailableXML DBMS
thathasbeenextendedwith distributedandP2Pdatamanagementfunctionality.
Our (minimal) XQuery languageextensionXRPC addsthe conceptof RPCto
XQuery, andexploits theset-at-a-timedatabaseprocessingmodelto optimizethe
networkingcostthrougha techniquecalledBulk RPC.Wedescribeourapproach
to includetheservicesofferedby diverseP2Pnetwork structures(suchasDHTs),
in away thatavoidsany furtherintrusionin theXQuerylanguageandsemantics,
andshow how this,similarly to Bulk RPC,will leadto furtherqueryoptimization
opportunitieswheretheXDBMS interactswith theunderlyingP2Pnetwork. We
alsodiscusssomeP2PdatamanagementapplicationswereMonetDB/XQuery*
is beingused(an in-homesmallscenarioanda wide-areacollaborative applica-
tion). As this researchis work-in-progress,we outline someresearchquestions
on ourpathtowardsde�ning andrealizingP2PXDBMS technology.

1 Intr oduction

In the AmbientDB [9] project,we arebuilding MonetDB/XQuery* , an open-source
XML DBMS (XDBMS) with supportfor distributedqueryingandP2Pservices.Our
work is motivatedby the hypothesisthat P2P is a disruptive paradigmthat should
changethenatureof databasetechnology. Mostof theexistingdistributedDBMS tech-
nologiesweredevelopedto beusedin (small-scale)local-areanetworks(LAN). Those
technologiesusuallyassumethat(i) thereis acentralcontrollerand/orpeershavecom-
pleteknowledgeof thewholesystem,(ii) peersareuniform andhighly available,(iii)
placementof datahappensin a controlledway andis rarelychangedand(iv) a global
databaseschemais used.Peer-to-Peer(P2P)networkshave led thedistributedDBMS
researchto reconsiderexisting technologiesin sucha new environment,where(i) sys-
temshave decentralizedarchitectures,(ii) peersjoin or leave thenetwork at any time,
(iii) placementof datais outof thesystem'scontrolandit changesfrequently, (iv) each
peercanhaveits localdatabaseschema(or noschemaatall), and(v) dataownedby the
peersareoftenincomplete,overlappingandevencon�icting.

Challenges.While theP2Pdatabaseconcepthasgenerateda researchniche,thecon-
cepthasnotyetbeenwidely recognizedasrelevant.A �rst problemis thatP2Pdatabase
technologyis understoodby differentresearchersto meandifferentthings,andthereis
no “role model” system(like what System-Rwasfor the RDBMS) asan orientation
point for thecommunity. Secondly, mostproposedtechniques(e.g.P2Pqueryprocess-
ing algorithms)areevaluatedin simulationswhoseresultsarehard to extrapolateto
behaviour in real-world circumstances.A third andrelatedproblemis that so far no



“killer applications”for P2Pdatabasetechnologyhave beenrecognized(in contrastto
P2Psystems– of which variousmostly �le-downloadingsystemshave found a large
useraudience).

Strategy. Our strategy for advancingthestate-of-the-artis to incrementallydevelopa
working P2Pdatabaseprototypeasa test-bedfor our researchandto work on appli-
cationsthat bene�t from P2Pdatabasetechnologies.This strategy requires– besides
researcheffort – a large investmentin prototypeengineering.We areglad to be able
to build on MonetDB/XQuery[8], anopensourceXDBMS basedon purelyrelational
queryprocessingthatsupportsXQuery[3] andtheXQueryUpdateFacility (XUF) [11].
The choicefor XML as a datamodel– andweb standardsin general– easesmany
aspectsof distributeddatamanagement(i.e. theXML dataformatis platformindepen-
dent,andthereis ubiquitoussupportfor URIs andspeci�cally HTTP networking, that
weusefor dataandquerytransport).WeobtainP2PXDBMS functionalityby orthogo-
nally extendingXQuerywith supportfor (i) distributedqueryingand(ii) P2Pservices.
At this stagewe have madethe step(i) by introducingXRPC, an XQuery language
extension(a full discussionis in [29]). We alsoformulatetherequirementsandcurrent
directionfor achieving step(ii) , andillustratetheworking of our envisionedsystemin
a P2PapplicationcalledStreetTiVo.

StreetTiVo is a showcaseapplicationbeingdevelopedby theDutchnationalresearch
projectMultimediaN, that unitesmultimediaanddatabaseresearchersin variousaca-
demic and industrial researchinstitutes.The StreetTiVo applicationis a plug-in for
so-calledHome TheatrePCs(MythTV and Windows Media CenterEdition), which
one can considerprogrammabledigital video recorders.The StreetTiVo plug-in en-
ablesreal-timecontent-basedvideoretrieval andmetadatageneration,by distributing
compute-intensive video analysisover multiple peersthat recordedthesameTV pro-
gram.This applicationinvolvesdistributedcollaboratordiscovery, work coordination,
andresultexchangein a volatile WAN environment(but not video�le exchange– it is
strictly legal).We think thatdeploying ready-to-runP2Pdatamanagementtechnology
enablesquickdevelopmentof this application.

Outline. In Section2, we presentour �rst step,namelydistributedXQueryprocessing
usinga languageextensioncalledXRPC.While XRPCalreadyallows to performP2P
queries,it still missesa numberof vital P2Pfunctionalities(robustconnectivity, peer
andresourcediscovery, approximatequery/transactionprocessing).In Section??, we
outlineourplansandresearchquestionsto addresstheseopenissues.We alsoillustrate
how thedescribedP2PXDBMS canbeusedin theStreetTiVo application.Finally, in
Section4 we describerelatedwork, beforeconcludingin Section5.

2 XRPC: Distrib uted XQuery Processing

TheXRPCsyntaxfor remotefunctionapplicationis similar to XQueryD[22]:
“execute at ” “ f ” Expr “g” “ f ” FunApp ( ParamList ) “g”

whereExpr is anXQueryxs:string expressionthatspeci�estheURI of thepeeron
which FunApp is to be executed.Here we restrict the function applicationFunApp



to user-de�ned functions(UDF) that arede�ned in a module.Thus,the de�ning pa-
rametersof an XRPC call are: (i) a moduleURI, (ii) a function name,and (iii) the
actualparameters.ThemoduleURI is theoneboundto thenamespaceidenti�er in the
functionapplication.Justlike a “ import module ” statement,themoduleURI maybe
supplementedby aso-called“at ” hint, whichalsois a URI.

We choseto excludecalling built-in functionsover XRPC,sinceremoteexecution
of local parametersdoesnot provide any functionalbene�t over local execution.We
also exclude remoteapplicationof user-de�ned functionsspeci�ed inside the query
(ratherthanin a module).This latterrestrictionsimpli�es theissueof how to transport
thequeryde�nition from callerto callee,asit allows theXQuerysystemimplementing
XRPCto re-usetheexistingmechanismfor functionresolutionfrom importedmodules.

We madea consciouschoicefor by value1 parameterpassing,asby referencese-
manticswould make it very complicatedto orthogonallysupportXPath/XQueryon
parametersor resultsof RPCcalls(think of calling parent::* on anXML nodetype
parameter, passedby reference– it would requireadditionalimplicit communication).

Examples.As arunningexample,weassumeasetof XQuerydatabasesystems(peers)
thateachstorea �lm databasedocument“ films.xml ” with contentssimilar to:
<films>

<film><filmName>The Rock</filmName><act orN ame>Sean Connery</actorName ></ fil m>
<film><filmName>Gol dfi nge r</ fi lmName><acto rName>Sean Connery</actorName> </f il m>
<film><filmName>Gre en Card</filmName><acto rName>Gerar d Depardieu</actorName ></fi lm>

</films>

WeassumeanXQuerymodulefilmdb storedathttp://x.org/film.xq , thatde�nes
a functionfilmsByActor() :
module namespace film="filmdb";
declare function film:filmsByActor( $ac tor as xs:string) as node()*
{ doc("films.xml")//f ilm Name[. ./ act orN ame=$act or] };

We canexecutethis functionon theremotepeer“y.org ” to geta sequenceof �lms in
whichSeanConneryplaysin theremote�lm database:
import module namespace film="filmdb" at "http://x.org/fil m.x q";
<films> (Q1)
f execute at f "xrpc://y.org" g f film:filmsByActor( "S ean Connery") g g
</films>

We introduceherea new xrpc network protocol,acceptedin the destinationURI of
execute at . Thegenericform of suchURIs is xrpc:// < host > [ : port ] [=[ path ] ].
Thexrpc:// indicatesthenetwork protocol.Thesecondpart,< host > [: port], indicates
theremotepeer. Thethird part,[=[path]], is anoptionallocalpathat theremotepeer.

Theaboveexampleyields:
<films>

<filmName>The Rock</filmName>
<filmName>Goldfinge r</ fil mName>

</films>

Anotherexampleperformsmultiple remotefunctioncallsto asinglepeer:
import module namespace film="filmdb" at "http://x.org/fil m.x q";
<films>
f for $actor in ("Julie Andrews", "Sean Connery") (Q2)

let $dst := "xrpc://y.org"
return execute at f $dst g f film:filmsByActor($ act or) g g

</films>

1 Only thesubtreerootedat a nodeparameteris sent.



Note that onecanalsoperformXRPC calls to many differentpeersfrom within the
samequery(sincethedestinationexpressionis unrestricted).

2.1 SOAP XRPC MessageFormat

SOAP (SimpleObjectAccessProtocol)is anXML-basedmessageformatusedfor web
services[2]. Weproposetheuseof SOAP messagesoverHTTPasthenetwork protocol
underlyingXRPC.Thechoicefor SOAPallowsseamlessintegrationof XRPCwith web
servicesand ServiceOrientedArchitectures(SOA). SOAP web serviceinteractions
usually follow a RPC(request/response)pattern,thoughthe SOAP protocol is much
richerandallowsmulti-hopcommunications,andhighly con�gurableerrorhandling.

XRPC RequestMessage.SOAP messagesconsistof anEnvelope , with a (optional)
Header anda Body. Insidethebody, we de�ne a request thatspeci�esa moduleURI
module , an (optional)at-hint location anda function namemethod . The actualpa-
rametersof a single function call are enclosedby a call element.Each individual
parameterconsistsof a sequence element,that containszeroor morevalues.Below
we show theSOAP XRPCrequestmessagefor theexamplequery(Q1) :
<?xml version="1.0" encoding="utf-8"?>
<env:Envelope xmlns:xrpc="http:/ /monet db. cwi .n l/X Query"

xmlns:env="http://w ww.w3. org /2 003 /05 /so ap- envel ope"
xmlns:xs="http://ww w.w3.o rg/ 2001/ XMLSchema"
xmlns:xsi="http://w ww.w3. org /2 001 /XMLSchema- ins tan ce"
xsi:schemaLocation= "ht tp: //m onetd b.c wi. nl/ XQuer y http://monetdb.cw i.n l/X Query /XRPC.xsd ">
<env:Body>

<xrpc:request module="filmdb" location="http://x .or g/ fil m.x q" method="filmsByActo r">
<xrpc:call>

<xrpc:sequence>
<xrpc:atomic-value xsi:type="xs:stri ng" >Sean Connery</xrpc:atomi c-v al ue>

</xrpc:sequence>
</xrpc:call>

</xrpc:request>
</env:Body>

</env:Envelope>

XRPC ResponseMessagesfollow thesameprinciples.Insidethebodyisnow aresponse
elementthatcontainstheresultsequence of theremotefunctioncall. In themessages,
atomicvaluesarerepresentedwith atomic-value , andareannotatedwith their (sim-
ple) XML SchemaType by the xsi:type attribute.Thus,the heterogeneouslytyped
sequencecontaininganinteger2 anddouble3.1 wouldbecome:
<xrpc:sequence>

<xrpc:atomic-value xsi:type="xs:integer ">2 </ xrp c:a tom ic -va lue >
<xrpc:atomic-value xsi:type="xs:double" >3. 1</xr pc: ato mic-v alu e>

</xrpc:sequence>

XML nodesarepassedbyvalue, enclosedby anelement tag:
<xrpc:sequence>

<xrpc:element><fil mName>The Rock</filmName></ xrp c:e lem ent>
<xrpc:element><fil mName>Goldf in ger </f ilm Name></x rpc :el ement >

</xrpc:sequence>

Similarly, theXML SchemaXRPC.xsd 2 de�nes enclosingelementsfor document,at-
tribute,text, processinginstruction,andcommentnodes.XRPCfully supportstheXQuery
DataModel (XDM) [12], a requirementfor makingit anorthogonalXQuerylanguage
feature.Userde�ned elementtypesareannotatedin themessagesusingxsi:type at-
tributes,suchthatXRPCmessagescanbecorrectlyvalidated[29].
2 Seehttp://monetdb.cwi.nl/XQuery/XRPC.xsd



2.2 XRPC Formal Semantics

In de�ning thesemanticsof XRPC3, we take careto attachproperdatabasesemantics
to theconceptof RPC,to ensurethatall RPCsbeingdoneon behalfof a singlequery
seea consistentdistributeddatabaseimageandcommit atomically. It is known that
full serializabilityin distributedqueriescancomeat a high cost,andthereforewe �rst
de�ne a lessstrict isolationlevel that still may be useful for certainapplications.We
usethefollowing notationsandterms:

– P denotesa setof peeridenti�ers.
– F denotesa setof XRPCfunctionapplications. The focusof this paperis read-

only functioncalls,which areindicatedby fr . If theevaluationof anXRPCcall f
requiresevaluationof otherXRPCcall(s),we term f anestedXRPCcall.

– M denotesa setof XQuerymodules. A moduleconsistsof a numberof function
de�nitions d f . EachXRPC call f mustcorrespondto a de�nition d f from some
modulemf 2 M .

– Eachqueryoperatesin a dynamiccontext. TheXQuery1.0 FormalSemantics[4]
speci�estheresultof anexpressiontobede�nedbyasemanticjudgementdynEnv`
Expr ) val. Thisjudgementstatesthatin thedynamiccontext dynEnv, theexpres-
sionExpr evaluatesto thevalueval, whereval is aninstanceof theXQueryData
Model [12]. For now, we simplify the dynamicenvironmentto a databasestate
db (i.e. thedocumentsandtheir contentsstoredin theXML database):dynEnv '
db@p. ThedynEnv:docValuefrom theXQueryFormalSemantics[4] corresponds
to db usedhere.To indicatea context at a particularpeerp, wewrite db@p.

BasicRead-OnlyXRPC is de�ned by extendingtheXQuery1.0semanticjudgements
with a new ruleRF r :

sendp0! pi request(m; fr ;ParamList)
db@pi ` fr (ParamList) ) val; db@pi

sendpi ! p0response(val)
db@p0 ` fr (ParamList)@pi ) val; db@p0

(RF r
)

This rule statesthat in the dynamiccontext, evaluationof the read-onlyXRPC call
fr (ParamList)@pi startswith sendingtherequest(m; f ;ParamList) to peerpi . Here,m
is themoduleURI (plusat-hint)in which function fr is de�ned,andParamList is a list
of actualparameters.Thefunction fr is thenevaluatedasanormallocal functionin the
dynamiccontext dynEnv@pi, that consistsof thedatabasestatedb@pi of the remote
peerpi at thetime therequestarrivedat pi . Theevaluationyieldsthevalueval, which
is sentbackto thelocalpeerp0. Hence,the�nal resultof this XRPCcall at p0 is val.

Note that neither the local databasestatedb@p0 nor the remotedatabasestate
db@pi weremodi�ed by the evaluationof a read-onlyXRPC function.The function
evaluationresultval is a transientvalue,whichonly exist in theruntimeenvironmentat
both p0 andpi . Also notethat this de�nition inductively relieson theXQueryFormal
Semanticsto evaluatef locally at pi , andthusmaytriggertheevaluationof additional
XRPCcallsif thesehappento bepresentin bodyof f .

3 Weadoptthenotationsfrom XQuery1.0andXPath2.0FormalSemantics[4]



RepeatableReads.As a querymayperformmultipleXRPCcallsandeachXRPCcall
mayagainperformXRPCcalls, it canhappenthatsomepeerpi is contactedmultiple
times,evenusingdifferentcall sequences.WhenconsideringruleRF r , thedynamicen-
vironmentdynEnv@pi containingthedatabasestatedb@pi maythusbeseenmultiple
timesduring queryevaluation.In betweenthosemultiple function evaluations,other
transactionsmayupdatethedatabaseandchangedb@pi . Thus,thosedifferentXRPC
callsto thesameremotepeerpi from thesamequeryq mayseedifferentdatabasestates.
Thiswill notbeacceptablefor someapplicationsandtherefore,wedeemit worthwhile
to de�ne repeatablereadisolationfor queriesthat performXRPC calls.For this pur-
pose,we formulatea similar-looking rule R0

F r , wherewe tagthedatabasestatewith a
queryidenti�er: dbq@p.

sendp0! pi request(q;m; fr ;ParamList)
dbq@pi ` fr (ParamList) ) val; dbq@pi

sendpi ! p0response(val)
dbq@p0 ` fr (ParamList)@pi ) val; dbq@pi

(R0
F r

)

This rule speci�es all XRPC calls at peer pi belongingto the samequeryq, will be
evaluatedusingthesamedatabasestatedbq@pi . This dbq@pi is thestateof thedata-
baseat thetime whenthe�rst XRPCrequestbelongingto q arrivedat pi . Observethat
a uniquequeryidenti�er q is now passedasan extra parameterin theXRPCrequest,
suchthata peercanrecognizewhich XRPCcallsbelongto thesamequery4. Clearly,
XRPCwith repeatablereadsrequiresmoreresourcesto implement,assomedatabase
isolation mechanism(of choice)will have to be applied.The transactionmechanism
of MonetDB/XQuery, for example,usessnapshotisolationbasedon shadow paging,
whichkeepscopiesof modi�ed pagesaround.

A quite commonreasonwhy a peeris calledmultiple timesin the samequery is
whenan XRPC call appearsinsidea for-loop. In Section2.3 we describehow loop-
lifting helpsavoid thesecostlyisolationmeasuresin caseof simpleXRPCqueries(i.e.
thosethatcontainonly onenon-nestedfunctionapplication)5.

Updates.XRPCis anorthogonallanguageextension,thusit alsoallowsupdatinguser
de�ned functionsto be called.MonetDB/XQuerysupportssuchupdatesconforming
to theW3C XQueryUpdateFacility [11]. Thus,XRPCalsoenablescomplex P2Pup-
datetransactions,asa querymaycontainmultiple suchupdatingfunctionXRPCcalls,
eachcall may be nested,suchthat the samepeermay be involved in the execution
of multiple updatingXRPC calls originatingfrom the samequery. In [29] we de�ne
two updatesemantics:a lax semanticswhereeachupdatingXRPCcall is executedand
committedin isolation,anda strict variant,that supportsrepeatablereadsandatomic
distributedcommit (this lattersemanticsrequiresa costlydistributedcommitprotocol
suchas2PC).Also, we describea deterministicupdateorder(theXUF leavesthis or-
deropen)anddescribeanextensionto our SOAP messageformatto guaranteecorrect
deterministicupdateorderin distributedupdatesin [29].

4 Notethatthechoiceof desiredsemanticrule is madeperquery, notperrequest.
5 XRPCcurrentlyonly hasrepeatable-readssupportfor simpleXRPCqueries,at zerocost.



2.3 Bulk RPC

Oneof themajorcontributionsof XRPCis allowing Bulk RPCoperations, in which a
singleXRPCrequestmessageis sentto thedestinationpeerto performmultiple func-
tion calls.The resultsof sucha Bulk RPCoperationaresentback,again,in a single
(response)message.Obviously, this approachcandramaticallyreducenetwork latency
andband-widthusageif thenumberof interactionswith XRPCcalls to thesamepeer
is large.While Bulk RPCcanin principlebeappliedin any XQueryimplementation,it
followedquitenaturallyfrom thetranslationtechniqueusedby thePath�nder [15] com-
piler (that is usedin MonetDB/XQuery),which is is capableof translatingarbitrarily
shapedXQueryexpressionsinto a singlerelationalplan,consistingonly of set-a-time
relationalalgebraexpressions.

actor
iterpos item
1 1 ”JulieAndrews ”
2 1 ”SeanConnery”

dst
iterpos item
1 1 ”xrpc : ==y:org =”
2 1 ”xrpc : ==y:org =”

Bulk RPC to a singlepeer. Ourearlierexamplequery(Q2) con-
tainsa function applicationinsidea for- loop. In the relational
XQuerytranslationapproachof Path�nder, thevaluesof thevari-
ables$dst and$actor of all iterationsinsidethis loop arerep-
resentedby the three-columnrelationaltablesshown at the right
side.Theactualvaluesof avariablearestoredin thecolumnitem . Thecolumniter is
usedto preserve theiterationorder. Thecolumnpos is usedto indicatethepositionof
thevaluein anXQuerysequence.This loop-lifting techniqueis extensively explained
in [8] and[15]. Fromthetables,it canbeseenthat thevaluesof $dst arethesamein
both iterationsof the for -loop, whereas$actor takeson values“Julie Andrews ” in
the �rst and“Sean Connery ” in theseconditeration.Both pos columnsin our tables
containonly thevalue1 indicatingthattherearenomulti-itemsequencesin thequery.

For this query, XRPC generatesone requestmessageas shown below (only the
request is shown). Eachcall is representedby anindividualcall child element:

<xrpc:request module="filmdb" location="http://x. org /fi lm .xq " method="filmsByAc tor ">
<xrpc:call> <!-- first call -->

<xrpc:sequence>
<xrpc:atomic-value xsi:type="xs:string "> Jul ie Andrews</xrpc:atomi c-v alu e>

</xrpc:sequence>
</xrpc:call>
<xrpc:call> <!-- second call -->

<xrpc:sequence>
<xrpc:atomic-value xsi:type="xs:string "> Sean Connery</xrpc:ato mic -va lue >

</xrpc:sequence>
</xrpc:call>

</xrpc:request>

Bulk RPCreturnsresultsof multiplecallsin oneresponse element,with onesequence
elementrepresentingtheresultof eachcall:

<xrpc:response module="filmdb" method="filmsByAct or" >
<xrpc:sequence/> <!-- result of first call -->
<xrpc:sequence> <!-- result of second call -->

<xrpc:element><fi lmName>The Rock</filmName></xrp c:e le ment>
<xrpc:element><fi lmName>Gold fin ger </f ilm Name></x rpc :e lem ent >

</xrpc:sequence>
</xrpc:call>

</xrpc:request>

Bulk RPC to multiple peers. In the previous examplethe execute at expression
$dst happenedto be constant,suchthat all loop-lifted function calls had the same



destinationpeer, andcould be handledby the singleBulk RPCrequestabove. In the
generalcase,however, therearemultiple destinationpeers,which meansthatwe have
to split theinput tablesin sub-tableswith theparametervaluesfor eachdistinctdestina-
tion peer. Fromtheseseparatesub-inputs,we performa separate(Bulk) RPCrequests
to eachpeer, in parallel. The resultsextractedfrom the responsemessagesare then
combined([ ) andre-ordered[29].

In the remainderof thepaper, we will de�ne someadditionalsemanticsof XRPC
functionsasif thereis only a singledestinationURI. This is donefor simplicity; the
techniqueof splitting at run-timeall XRPCinputsperuniquedestinationandhandling
themseparatelytrivially appliesto any case.

2.4 XRPC Implementation

TheXRPCmodulein MonetDB/XQuerycontainsanultra-light HTTP daemonimple-
mentation[19] that runsa requesthandler(theXRPCserver),andcontainsa message
senderAPI (theXRPCclient).We alsohadto addsupportfor theexecute at syntax
to thePath�nderXQuerycompiler, andchangeits codegeneratorto generatestubcode
thatinvokesthenew messagesenderAPI.

XRPC call processingre-usesthe standardXML shreddingandserializationpro-
vided by MonetDB/XQuery:�rst from the actualparametersa XML messageis se-
rialized into a HTTP postrequest,sentout usingthemessagesenderAPI. The return
messageis againshreddedandtheresultingrelationaltablesareusedastheresultof the
XRPCcall.Therequesthandler, ontheotherside,behavessimilarly. It listensfor SOAP
requestsandshredsincomingmessagesinto a temporaryrelationaltable,from which
theparametervaluesareextracted.Themodulefunctionspeci�edin theSOAP request
is thenexecutedlocally with theseparametertables,producinga resulttable.The re-
questhandlerthenbuildsaresponsemessagein whichthis resulttableis serializedinto
XML ontothenetwork socket.
Experiments.We conductedsomesimpleandpreliminaryexperimentsto evaluatethe
performanceof SOAP XRPC in MonetDB/XQuery. The test setupconsistedof two
2GHzAthlon64Linux machinesconnectedon100Mb/sethernet.Wede�ned amodule
with a trivial userde�ned function,thataddstwo integerparameters:

module namespace test="test";
declare function add($a as xs:integer, $b as xs:integer) as xs:integer
{ return $a + $b };

For eachmeasurement,weexecutedthefollowing functionhundredtimes(theaverage
elapsedtime is reported):
import module namespace test="test" at "http://x.org/test. xq" ;
for $i in (1 to $x) (Q3)

return execute at f "xrpc://y.org" g f test:add(20,22) g

$x=1 $x=1000

one-at-a-time 35 34979
bulk 35 400

Fig.1. XRPCPerformance(msec)

While in MonetDB/XQuery loop-lifting of
XRPC calls (i.e. Bulk RPC) is the default, we
alsoimplementedasingleRPCat-a-timemech-
anismfor comparison.Figure1 showstheexper-
iment wherewe compareperformanceof Bulk
RPCwith singleRPCat-a-time,while varying



thenumberof loop iterations$x . It shows thatperformanceis identicalat $x=1 , such
that we canconcludethat the overheadof Bulk RPC is small. At $x=1000 , thereis
an enormousdifference,mostly causedby network communicationcost.This is eas-
ily explainedasthesingleRPCat-a-timeexperimentinvolvesperforming1000times
synchronousRPCsinsteadof 1.

3 P2PXQuery Semantics

MonetDB/XQuery* providesgenericXQueryfunctionality,andits distributedquerying
andupdatefacilitiescanbeusedin widely varyingenvironments.First, we show how
the mechanismdescribedso far, can be useful in LAN environmentswith a limited
numberof nodes.WhenconsideringWAN applicationswith potentiallythousandsor
moreparticipatingpeers(suchasStreetTiVo),weproposeto useDistributedHashTable
(DHT) datastructuresunderthehoodof thesystem.

In the following, we will show how thesewidely varyingapplicationareascanbe
addressedby the fn:doc() andfn:put() built-in functionsplusour XRPCexecute
at languageconstruct.

3.1 SimpleScenarios

TheXQuery1.0language[3] speci�esadatashippingmodelto dealwith remoteXML
documents.Thebuilt-in function fn:doc() retrievesanXML documentstoredin the
peeridenti�ed by an xs:anyURI . In the XQuery UpdateFacility [11], a new built-in
functionfn:put() hasbeenadded,whichstoresanXML documentnode(or anXML
elementnode)to the location speci�ed by an xs:anyURI . Our XRPC extensionfor
theXQuerylanguageenablesa queryshippingmodelto queryandmanipulateremote
XML documents.Givenour choicefor SOAP over HTTP asthenetwork protocolfor
XRPC, it is interestingto note that the execute at construct,whencombinedwith
fn:doc() andfn:put() , providesan implementationof HTTP-baseddatashipping,
asshown by thefollowing rewriting rules:

fn:put ( $node; xrpc:// host=localname)
= =

StatEnv:baseURI ( /0
execute at f xrpc:// host g f fn:put ($node; localname) g

(Rput1)

fn:doc ( xrpc:// host=localname)
= =

StatEnv:baseURI ( /0
execute at f xrpc:// host g f fn:doc (localname) g

(Rdoc1)

Thus,anXQuerysystemwith XRPCcanimplementtheHTTP protocolin fn:doc() ,
fn:put() internallyby usingXRPCto executethoserequestsremotelywith the local
partof theURI (andanempty”base-URI”,from thestaticenvironment[4]).

Consumer ElectronicsUseCases.Our AmbientDB researchprojectoriginatesfrom
thedesirein theconsumerelectronicsdomainto provide a commondatamanagement
layer, that managesmetadatafound on mobile and stationaryconsumerelectronics
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Fig.2. MonetDB/XQuery* with multiple DHT connections

devices in andaroundthe home(mobile phones,musicplayers,PDAs, digital video
recorders,PCs,etc).Thefactthatsomeof thesedevicesaremobileandnotalwayscon-
nected,andthatmanufacturerswould preferto provide functionalitywithout thestrict
needto install a centralserver, squarelyputsthis areain the P2Pdomain,albeit in a
LAN andarelatively smallscale.Someof theapplicationsfoundhere(e.g.musicmeta
databrowsing,intelligentmediasynchronizationandplayliststatisticscollection,anal-
ysisandrecommendation)canalreadybene�t from thefunctionalitiesof a systemlike
MonetDB/XQuery* . More informationabouttheenvisionedAmbientDBapplications
canbefoundin [9,13]. Notethat in a LAN, peerdiscoverycanstill behandledby the
application(usingapplication-level protocolslike UPnP[1]).

3.2 LooseDHT Coupling

A DistributedHashTable[24,5] provides(i) robust connectivity (i.e. tries to prevent
network partitioning), (ii) high dataavailability (i.e. prevent dataloss if a peergoes
down by automaticreplication),and(iii) ascalable(key,value)storagemechanismwith
O(log(N)) costcomplexity (whereN is theamountof peersin thenetwork). A num-
berof P2PdatabaseprototypeshavealreadyusedDHTs [10,16–18,21]. An important
designquestionis how a DHT shouldbeexploitedby anXQueryprocessor, andif and
how theDHT functionalityshouldsurfacein thequerylanguage.

We proposehereto avoid any additionallanguageextensions,but ratherintroduce
a new dht network protocol,acceptedin thedestinationURI of fn:doc() , fn:put()
andexecute at . The genericform of suchURIs is dht:// dht id/ key. The dht://
indicatesthe network protocol.The secondpart, dht id, indicatesthe DHT network
to be used.Suchan ID is useful to allow a P2PXDBMS to participatein multiple
(logical) DHTs simultaneously, asshown in Figure2(a).Thethird part (key) is usedto
storeandretrievevaluesin theDHT. ThesimplestarchitecturetocoupleaDHT network
with a DBMS is to just usetheDHT API, theput(key,value) andget(key):value
functions,to implementtheXQuerydatashippingfunctionsfn:put() andfn:doc() ,
asshown in rulesRput2 andRdoc2:

pi = dht hashdht id(key)
dht sendp0! pi request(“put ” ; (key;$node))

dht store@pi ` put ($node)@pi ) dht store0@pi
dht sendpi ! p0response()

db@p0 ` fn:put ( $node; dht : ==dht id=key) ) db@p0

(Rput2)



pi = dht hashdht id(key)
dht sendp0! pi request(“get ” ; (key))

dht store@pi ` get (dht id=key) ) $node; dht store@pi
dht sendpi ! p0response($node)

db@p0 ` fn:doc (dht : ==dht id=key) ) $node; db@p0

(Rdoc2)

That is, we simply usethe DHT to storeXML documentsasstring values.The rules
indicatethatat theremotepeerpi , only thepeer'sDHT storageis involved,hence,peer
pi doesnot even have to have a runningMonetDB/XQuery* instance.Note that the
XQueryfunctionfn:doc is aread-onlyfunction,sincethedocumentretrievedby using
this functionis storedasa transientdocument.

In this architecture,we can run the DHT as a separateprocesscalled the Local
DHT Agent (LDA). EachLDA is a processthat is connectedto oneDHT dht id (see
Figure2(a)).This processrunsseparatelyfrom the databaseserver, suchthat we can
usetheDHT softwarewithoutany modi�cations.

Theexecute at canbe“simulated”asfollows:
StatEnv:baseURI ( dht : ==dht id=pref ix
db@p0 ` fr (ParamList) ) val; db@p0

db@p0 ` fr (ParamList)@dht : ==dht id=pref ix ) val; db@p0

(Rxrpc2)

RuleRxrpc2 in fact just evaluatesthe function locally, by gettingall documentswith a
relative URI namefrom theDHT. This is achievedby settingthebaseURIin thestatic
environmentto dht ://dht id/pref ix. If thefunctionbodythuscontainsany fn:doc() ,
fn:put() on somerelative URI localname, the rules Rput2 and Rdoc2 specify that
thedocumentshouldbestored/retrievedinto/from dht ://dht id/pref ix localname. One
shouldnotethatthe pref ix maybeempty.

While this approachallows zero-effort couplingof DHT technologywith DBMS
technology, we considerit nothingmore thana workaround.Rule Rxrpc2 substitutes
functionshippingby datashipping,defeatingthepurposeof XRPC.In caseof updates,
we would needto modify the rule to storethemodi�ed documentsusingput backin
theDHT, but sucha two-stepupdateis hardto bemadeatomic.

3.3 Tight DHT Coupling

In a tight couplingscenario,ratherthankeepXML asstringblobsinsidetheDHT (in
RAM), eachDHT peeractually usesits local XDBMS to storethe documents(see
Figure2(b)).To realizethis,weneedto extendtheDHT API with asinglenew method:

xrpc (key; q; m; fr (ParamList)) : item()*

This new methodallows the request in the below rule to be routedthroughthe DHT
(dht send), to achievethefollowing semanticsfor XRPCcallsto a “dht:// ” URI:

pi = dht hashdht id(key)
dht sendp0! pi request(q;m; fr ;ParamList)

db@qpi ` fr (ParamList)@pi ) val; dbq@pi
dht sendpi ! p0response(val)

dbq@p0 ` fr (ParamList)@dht : ==dht id=key ) val; dbq@p0

(Rxrpc3)

This rule statesthat the DHT dht id routesan XRPC requestusingthe normalDHT
routingmechanismtowardsthepeerpi responsiblefor key. WhentheLocalDHT Agent



(LDA) in pi receivessucha request,it performsan XRPC to theMonetDB/XQuery*
instanceon thesamepeerpi . ThisXRPCexecutedat remotelocationpi from theLDA
into MonetDB/XQuery* (it mayuseeithersemanticRF r or R0

F r ). Theresponseis then
transportedbackvia theDHT towardsthequeryoriginatorp0.

In thisscenario,wecansupportfn:doc() andfn:put() by combiningruleRxrpc3

with Rdoc1 andRput1. Thatis, useanXRPCrequestroutedvia theDHT to doa remote
executionof fn:doc() , fn:put() on therelativeURI localname.

In thetight coupling,we have to extendtheDHT implementation.A positive side-
effectof thisis thattheDBMS getsaccessto to informationinternalto theP2Pnetwork.
This information(e.g.peerresources,connectivity) canbeexploitedin queryoptimiza-
tion.Also,bulk XRPCrequestsroutedovertheDHT maybeoptimized(similar to Bulk
RPC),by combiningrequeststhat follow thesamerouteaslong aspossiblein single
network messages.

StreetTiVo UseCases.We show how two usescasesin theStreetTiVo applicationcan
beimplementedasXQuerymodulefunctions,whichthencanbeexecutedusingXRPC
andtightly coupledDHT semantics.
(i) Collaborator Discovery. In StreetTiVo, compute-intensive video analysiswork is
distributedto all peerspi thatrecordthesameTV program.EveryTV program'svideo
datais dividedinto segmentsof e.g.30seconds.Eachpeerpi analysesonesegmentata
time.If apeerp0 has�nished retrieving themetadataof asegmentsi , it sendsthemeta
datato thosepeersthatrecordthesameTV program,sothattheotherpeersdonothave
to analysethesamesegmentthemselves.Peerp0 thentriesto �nd out if therearemore
segmentsneedto beanalysed,if yes,thepeerp0 claimsthesegmentsj andanalyseit.
Thesestepsarerepeateduntil all segmentsof a TV programareanalysed.

In this scenario,peerp0 needsto know whichotherpeersrecordthesameprogram
(its collaborators).This canbe implementedasthe following. Assumethat every TV
programhasauniqueidenti�er progid , thenwecreatesfor eachrecordedTV program
progi an XML documentwith the name“<progid>.xml ” to keepa list of pid -s of
peersthatrecordthisprogram.Storethedocument“progid.xml ” in apeerin theDHT
network andlaterretrieve it canbedoneby thecalls:

fn:put($node, "dht://dht id/progid.xml") , and
fn:doc("dht://dht id/progid.xml") .

If a peer is going to record the TV programprogid , it shouldadd its peer ID to
“progid.xml ”. Thiscanbetypically doneby anXRPCcall like:

execute at f "dht://dht id/progid.xml" g f xrpc:addPID($pid) g

(ii) DistributedKeyword Retrieval. Oneof the featuresprovidedby StreetTiVo is Au-
tomatic SpeechRecognition(ASR) on TV programs.The resultingtext is storedas
metadatafor the recording,andcanbe searchedusing text retrieval functionality in
MonetDB/XQuery* . Eachpeershouldhave accessto a local XQuery modulewith
theuser-de�ned functionsearchKeywords thatgetstwo parameters.The�rst param-
eterpid identi�es theprogramin which text fragmentshouldbesearched.Thesecond
parameterkeywords is a list of searchkeywords.

Imagethis scenario:a StreetTiVo userwantsto searchin the today's newscastfor
text fragmentsthat were about the earthquake in Hawaii, but he/shedid not record
thenewscast.Thenthe searchrequestneedsto be sendto otherStreetTiVo peersthat



haverecordedthenewscast.Assumethenewscast's programID is “newscast123”,this
scenariocanbeimplementedby thefollowing pseudo-code:

let $peers := execute at { "dht://dht_id/newsc ast 123" } { xrpc:getPIDs() }
for $p in $peers

execute at { $p } { xrpc:searchKeywords ("n ewsca st1 23" , ("earthquake", "hawaii")) }

3.4 Research Questions

Themissionof theAmbientDBprojectat largeis:

build a large-scalePeer-to-PeermiddlewareXML databasemanagementsystem,
which hidesthe heterogeneityof underlying databasesystemsand communica-
tionsnetworks,andprovidesa uniform programminginterfaceto easethedevel-
opmentof theambientintelligent applications.

The�nal objectiveto unitedatafrom heterogeneoussourcesrecognizestheimportance
of schemaanddataintegrationin P2Pdatamanagement– issuesnot addressedhere.
The AmbientDBprojectis beingconductedtogetherwith PhilipsResearchandTech.
Univ. Twente,andthisdataintegrationaspectis beingpursuedtherewith specialatten-
tion for theprobabilisticnatureof theresultof suchdata/schemaintegration[28].

At CWI, we focuson thequeryandupdateprocessingresearchquestions,suchas:

– Which informationand API shoulda DHT exposeto a queryprocessingengine
such that it caneffectivelyoptimizeP2Pqueries?How canqueryoptimizationbe
pursuedeffectivelywithouthavinganyglobalstatistics?Howcanwebalancequery
optimizationeffort with queryexecutioneffort in a P2Psetting?

– How can it beguaranteedthat thedistributedexecutionof a querywill terminate
in a �nite time. Whenit is theright momentto decidea queryhasproducedenough
result?Howcananerror behandledproperlyin MonetDB/XQuery* ?Whenshould
anexecutionbeaborteddueto errors?

– Which consistencyconstraintscan be relaxedfor different kindsof applications?
Whatare thetrade-offsbetweenlocationtransparencyandef�ciency?

4 RelatedWork

P2Pnetworksactive topic in networking research,especiallyDistributedHashTables,
suchasChord[26]. For practicaluse,thesystemsBamboo[23] andP-Grid[5] currently
seemto bethemostusable.

[14] is oneof the �rst papersthat discussdatabasemanagementissuesin a P2P
environment.PIER[16] is a P2Pinformationexchangeandretrieval systemon top of
the BambooDHT. It usesa relationaldatamodelandquery languageandhassome
supportfor in-network joins. UniStore[18] providesan (RDF-like) triple storageon
topof P-Grid.XPeer[25] is aP2PXDBMS for sharingandqueryingXML data,ontop
of a super-peernetwork. Thequeryalgebraof XPeertakesexplicitly into accountdata
dissemination,datareplicationanddatafreshness.[21] is a proposalfor a XML-based
databasesystemon top of a DHT, which is alsonamedXPeer. Of thesesystems,the
PIERandUniStoresystemsseemto bethemostdevelopedprototypessofar.



In theareaof extendingXQuerywith distributedqueryingcapabilities,severalpro-
posalsarecloseto our work ([22,7,6,20,27]). The syntaxof XRPC is basedon that
of XQueryD [22], but in a more restrictedform. The XQueryD approachrequiresa
runtime rewriter to scanthe XQuery expressionsin the execute statementfor vari-
ablesandsubstitutethevariableswith thecurrentruntimevalues.Sucharewriter is not
neededin XRPC,andby relying on function resolutionin modules,querytransporta-
tion is simpli�ed andqueriesmaybene�t from pre-processing.In ActiveXML ([7,6]),
calls to servicefunctionsareembeddedin XML documents.GalaxYoo-Hoo! [20] is
relatedto our work in thesensethatwebservicesareaccessedusingremoteprocedure
callsandSOAP messagesareusedasthecommunicationprotocol(althoughmessages
mustbemanipulatedexplicitly with elementconstruction).DXQ [27] is aspeci�cation
of a DistributedXML-Query network.

5 Conclusion

In this paper, we discussedwork on MonetDB/XQuery* that aims to createpower-
ful P2PXML databasetechnologythat preservesthe full XQuery language(+XUF),
extendingit only with a singlenew constructcalledXRPC. 6 We �rst gave a formal
de�nition of the syntaxand the semanticsof XRPC, andshowed how it canbe im-
plementedef�ciently usingset-at-a-timeprocessing(Bulk RPC).A smallexperimental
sectiondemonstratedthatBulk RPCstronglyimprovesperformanceof queriesthatex-
ecuteXRPC calls inside for -loops.We thendescribedhow DistributedHashTables
(DHTs) canbe integratedwithout further XQuery extensions,by addingsupportfor
a new dht:// protocolin URIs. We discussedthesemanticsof two waysof coupling
(looseandtight)aDHT with anXDBMS, of whichthelatteris morepowerful.Thiswas
shownby elaboratingin somedetailhow thisfunctionalitycanbeusedin theStreetTiVo
collaborativevideoindexing application.

Our next step is to implementthesecouplingsin MonetDB/XQuery* using the
BambooDHT [24], andperformexperimentsin environmentslike PlanetLab. Espe-
cially thetight couplingwill openupaplaying�eld for anumberof queryoptimization
techniquesthat exploit the P2Pnetwork characteristics.This is only oneof the many
researchquestionsin AmbientDB,of whichwe provideda non-exhaustiveoverview.
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