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Abstract

ThispaperpresentsandevaluatesXML Store,adistributed
andhighly scalablestoragesystemfor XML documents
that builds on the Chordpeer-to-peerprotocoldeveloped
at MIT. Theinterface(API) to thestoragesystemis sim-
ple andvalue-oriented,permittingno destructive updates,
which permits simple solutionsto replication, caching,
andtransactionmanagement.

Our experimentalimplementationof XML Storeand
theChordprotocolin Javaperformssatisfactorily andde-
monstratestheadvantagesof value-orientedprogramming.

1 Intr oduction

Thegrowth in storage,bandwidth,andcomputationalre-
sourceshas fundamentallychangedthe way that appli-
cationsare constructed,and hasinspireda new classof
distributedpeer-to-peerstorageinfrastructures.Existing
peer-to-peersystemssuchas CFS [7, 5], PAST [17, 8]
andOceanStore[3, 12] seekto takeadvantageof therapid
growth of resourcesto provide inexpensive, highly avail-
able storagewithout centralisedservers. Thesesystems
are basedon protocols(Chord [6, 18], Pastry [16] and
Tapestry[24]) thatmapdatato servers,therebyessentially
providing distributedhashtablefunctionality.

We presentthe XML Store,a distributed storagein-
frastructurefor storingXML documents.Henglein[10]
provided the initial ideaof a value-orientedXML Store,
which is part of the ongoing“Plan 10” project. Like the
above peer-to-peersystems,the XML Storerelies on a
peer-to-peerdistributedhashtable,namelyChord[6, 18]
thatsupportsstorageandretrieval of dataassequencesof
bytesassociatedwith a ����� -bit hashvalue. However, the
XML Storedoesnot offer a conventionalfile systemin-
terface,but rathertransparentstorageof XML documents.
TheXML Storefurthermoreprovidesa rich API for pro-
cessingandmanipulatingXML documents.

In thispaperwefocusonthedesignof theXML Store
andthevalue-orientedapproach.Thecentralideaof value-

orientedprogrammingis thatdataareimmutable,andthat
computationproceedsby creatingnew values,not by al-
tering existing dataas in the prevalent approachknown
from imperative programminglanguages. In suchpro-
gramminglanguages,dataaremodifieddestructively and
consequentlythe original data are lost. This precludes
sharingandcomplicatesreplication. Destructive updates
of datacauseproblemsin a distributedenvironmentmak-
ing cachemanagementandtransactionsdifficult.

In a distributed setting value-orientedprogramming
hasan a priori advantageover imperative programming,
as it doesnot suffer the problemsof handlingmultiple
destructive updates.Cachemanagementandconsistency
protocolsareunnecessary, andupdatescanbeperformed
atomicallywithout complex transactioncontrol.

The XML StoresystemstoresXML documentsus-
ing thevalue-orientedapproach.AlthoughXML is quite
widespreadtoday, mostXML documenthandlingusestra-
ditional methods,storingXML documentsin text files in
a conventionalfile system.By usingvalue-orientedtech-
niquesandstoringXML documentsaccordingto their in-
herenttree structure,possibilitiesarisefor more elegant
XML processing.For instance,sharingof identicalsub-
documentsandlazy loadingbecomepossible.

Thefocal point of this paperis thevalue-orientedap-
proachto storingXML combinedwith a peer-to-peerdis-
tributedhashtable.Otherinterestingaspectsof distributed
storagesystemssuchasprivacy, anonymity, security, be-
ing tamperproof andcensorshipresistantareinteresting,
but not a goalin this paper.

The remainderof this paperis organisedas follows.
Section2 discussesrelatedwork. Section3 introduces
value-orientedprogramming. Section4 outlinesthe de-
signof theXML Storeandbriefly describesChord,used
for routingandlocationin theXML Store.Sections5 and
6 describethepropertiesandimplementationof theXML
Store,respectively. An evaluationof the XML Storeis
presentedin section7. Section8 summarisesour findings
andconcludethepaper. Finally, section9 discussesfuture
work.
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2 Relatedwork

The XML Storewasinspiredby CFS[6, 7] andby var-
ious technologiesfor storingandprocessingXML docu-
ments.Thissectionpresentsrelatedtechnologiesfor stor-
ing XML documentsaswell asrelatedpeer-to-peerstor-
agesystems.

2.1 Text files

MostXML documentsarestoredastext files in aconven-
tional file system.Documentprocessingrequiresparsing,
possiblyusingframeworkssuchasSAX andDOM. This
approachhassomedrawbacks.First of all, only serialac-
cessis possible.To build an abstractrepresentationof a
documentit is necessaryto parsetheentirefile into anin-
memoryrepresentation.This limits thesizeof XML doc-
umentsthat canbe handledandis inefficient whenonly
partsof thedocumentneedto beaccessed.Conventional
file systemsare furthermorenot well suitedfor manag-
ing concurrentupdates.In amulti-userenvironmentthese
issuesmustbehandledby theapplicationprogrammer.

The main advantageof storing XML documentsin
text files is thatnoconversionis necessarywhenexchang-
ing information, as the dataare alreadyavailable in the
formatthatapplicationsexpect.

2.2 Relational databases

Anotherapproachis to storeXML documentsin a rela-
tional database.The main advantageis that the database
handlesissuessuchasconcurrency control,dataintegrity
andscalabilityin a multi-userenvironment.

Using a relationaldatabaseto storeXML documents
requirescomplex mappingsof XML datato databaseen-
tities. It is possibleto createadatabaseschemato storeall
kindsof XML documents,but this approachis inefficient
sincethe datamodel of XML is very different from the
relationaldatamodel[21], andleadsto very complex and
inefficient SQL queries.

Typically the applicationprogrammerwill requirea
DTD or XML Schema,prior to creationof the database
tables.

2.3 NativeXML databases

Native XML databasesaredesignedfor storingandpro-
cessingXML data. Data are insertedas XML and re-
trievedasXML.

TaminoXML Server [1] andApacheXindice [2] are
bothnativeXML databases.A schemaindependentmodel
employedby bothTaminoandXindice makesit possible
to storevery complex XML structuresthatwould bedif-
ficult or impossibleto mapto a morestructureddatabase.

Unlike our XML Store,which is basedon a peer-to-peer
system,TaminoandXindice arecentralisedserver solu-
tions. They provide XPath-basedquery capabilitiesin
combinationwith indexing. Tamino also offers text re-
trieval for searchingin non-indexedpartsof anXML doc-
umentand will supportXQuery when it is ratified as a
W3C standard.

2.4 Peer-to-peer systems

Thepopularityof peer-to-peerfile sharingsystemssuchas
Napster[23] andGnutella[22] hascreateda flurry of re-
centresearchactivity into peer-to-peerarchitecturessuch
asCFS[7, 5], PAST [17, 8] andOceanStore[3, 12].

Although the exact definition of a “peer-to-peersys-
tem” is debatable,sucha systemtypically doesnot have
dedicated,centralisedinfrastructure,but ratherdepends
on the voluntary participationof peersto contribute re-
sourcesout of which theinfrastructureis constructed.

In Napster, a centralserver storesanindex of all files
availablewithin thesystem.To retrieveafile, auserqueries
this centralserver using the desiredfile’s nameand ob-
tainsthe location(the IP addressof a usermachine)that
storesthe requestedfile. The processof locatinga file is
thusvery muchcentralisedandtherefore,Napsteris not a
“pure” peer-to-peersystem.

Gnutella is a decentralisedpeer-to-peersystemand
hasnocentralserversto query. Instead,peersin theGnutella
network usebroadcastto locatefiles. Peer-to-peersys-
temssuchasXML Store,CFS[7, 5], PAST [17, 8] and
OceanStore[3, 12] seekto provide highly availablestor-
agewith efficient location-independentrouting andloca-
tion in a decentralisedenvironment.

Thesepeer-to-peersystemsrely on novel distributed
algorithmsfor routingandlocating.XML StoreandCFS
arebasedon Chord[6, 18], PAST is basedon Pastry[16],
andOceanStoreis basedon Tapestry[24].

All thesealgorithmsresembledistributedhashtables,
supportingthebasicoperations:insertandlookupof � key,value	
pairs,wherekey = hash(value)andthehashfunctionpro-
vides a deterministic,random,uniform distribution. In
essence,thealgorithmsdistribute � key,value	 pairsacross
variouspeersin a large network, in a mannerthat facili-
tatesscalableaccessto datausingthekey.

The scalabilityof datalocationandqueryin peer-to-
peersystemsis of paramountconcern.It shouldbepossi-
ble to extendthe systemwith new resourcesat a reason-
ablecostandthereshouldbenoperformancebottlenecks.

Napster[23] is not consideredscalable,since it re-
lies on a centralserver to locatefiles and this resultsin
a performancebottleneck. Gnutella[22] displaysa lim-
ited scalabilitybecauseof theextensive useof broadcast-
ing. Thebroadcastbasedprotocolincurshigh bandwidth
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XML

Store

CFS PAST Ocean-

Store

Napster Gnutella

Routing & loca-

tion

Chord Chord Pastry Tapestry Central
server

Broad-
cast

Deterministic lo-

cation

Yes Yes Yes Yes No No

Scalable Yes Yes Yes Yes No Limited

Decentralised Yes Yes Yes Yes No Yes

Split up docu-

ments

Yes Yes No No No No

Immutable data Yes Yes Yes No No No

Table1: Featuresandpropertiesof relatedpeer-to-peersystems.

requirements.
TheXML Store,CFS,PAST andOceanStoreall scale

well, due to the routing and location schemesthat they
use.

Table1 givesanoverview of themostimportantprop-
ertiesandfeaturesof the discussedpeer-to-peersystems
CFS,PAST, OceanStore,Napster, GnutellaandtheXML
Store.A moredetailedsurvey of relatedwork in thefield
of peer-to-peerstoragesystemscanbefoundin [20].

3 Value-orientedprogramming

Value-orientedprogrammingis programmingwith values
andvaluereferences,whicharethemselvesvalues.Values
areby definitionimmutable.Thisprincipleapplynotonly
to primitives but also to complex and compositevalues
suchaslists andtreestructures.Hence,it is impossibleto
changeany constituentof a compositevalue.

Programmingwith immutablevaluesmay, for thecon-
ventionalprogrammer, seemalien andinconvenient. As
the imperative paradigmrevolvesaroundassignmentand
hencemodificationof data,the inability to destructively
updatemay seemlike a limitation in the programming
model. As is known from functional programmingthis
is not the case,provided that new valuescanbe created
easily.

Theimperative programmingmodelhasa “copy-and-
update” style of data manipulation,which typically in-
volvesthefollowing threesteps:

1. Copy datafrom source.

2. Destructively updatethecopy.

3. Copy theupdateddatabackto source.

Value-orientedprogrammingadoptsa “share-and-create”
styleknown from functionalprogramminglanguages,such
as StandardML, Schemeand Haskell. Value-oriented
programmingis characterisedby sharingasmuchdataas

possibleandonly copying dataif thereis aneedfor update
[10]. Thethreestepsfrom above correspondto:

1. Obtaina referenceto data.

2. Nondestructively createa new value, which typi-
cally involvescopying partsof theoriginal data.

3. Replacethe original referencewith a referenceto
thenew value.

Value-orientedconceptsare usednot only in functional
programminglanguages.For instance,Java’s stringsare
immutable,whichmeansthateverymodificationmustcre-
atea new String object, leaving the original objectun-
changed.This permitssharingandefficient comparison
andparameterpassingof strings.

3.1 Value-orientedtr ees

We focuson tree-structureddata,becauseXML is a lin-
earsyntaxfor describinglabelledtrees.Considerthetwo
treesin figure 1, which representtwo XML documents.
Insteadof having two isomorphicsubtrees,thetreeshave
a referenceto thecommonsubtree.Notethata reference
to asubtreeis notaconventionalpointer, but ratheravalue
reference. A valuereferenceis anidentifierfor avalueand
canbeusedto retrieve a valueby usinga valuereference
resolver. Whenreplacingoneof the subtreesin figure 1
by a valuereference,thetwo treesform adirectedacyclic
graph(dag),asa nodecannow have morethanonepar-
ent. It is still possibleto recreatebothof theoriginal two
treesby traversingthe dagfrom the two root nodes.Ob-
serve thatsharingis only possiblebecausevalue-oriented
programmingprovidesa semanticguarantee:No updates
to substructures.

In value-orientedprogrammingevery singlenodein a
treecanbeconsideredanimmutablevalue. Modification
of a tree is accomplishedby creatinga new (modified)
tree,sharingunchangedparts. Figure2 shows tree rep-
resentationsof two XML documents,
 and � . In docu-
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Figure1: Isomorphicsubtreesharedby two treesA andB.

ment 
 we want to changethe contentof node ����������
to �����������  . A modificationof a nodepropagatesall the
way to thetop of thetree,which meansthatanew tree 
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hasto be built from the root of 
 . This is lesswasteful
thanit mayseemsince
"! sharesmostof its nodeswith 
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Hamlet or not
to be
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to be

or not
to beto be

speech

Figure2: Modificationof a treeusingvalue-orientedprogram-
ming.

Distributedsystemsneedcaching to provide fastac-
cessto shareddata,and replication to increasefault tol-
erance. But cachingand replicationintroduceproblems
with inconsistency if datacanbeupdated.Immutabledata
have the advantagethat they requireno cachecoherence
management.Furthermore,immutabledatacanbefreely
replicatedandcoalesced(de-replicatedandshared)with-
out theneedof complex replicationprotocols.

4 Designoverview

Figure3 shows theXML Store,theNameServiceandan
applicationusingthesetwo components.TheXML Store

Application

DirectoryXML

XML Storage

Distributed Storage

Disk

OS + network

NAME SERVICE

XML STORE

APPLICATION

Figure3: An applicationusingthe XML Storesystem,where
four layersareshown.

is the main component,providing an API for process-
ing andmanipulatingXML documentsaswell asmaking
storageandretrieval of thesedocumentspossible.

When storing a given document,the XML Storere-
turns a value referencereferring to the document. This
referencecan either be storedlocally by the application
or be associatedwith a symbolic nameusing the Name
Service, which mapssymbolicnamesto valuereferences.

The purposeof the NameServiceis to build useful
distributed applications,becausewe needto be able to
associateXML documentswith namesreadableby hu-
mans.Clientscannotshareparticularresourcesmanaged
by a computersystemunlessthey can namethem con-
sistently. Thus, namesfacilitate communicationand re-
sourcesharing[4]. Theentireworld is not valueoriented:
Exchangerateschange,newspaperspublishnew articles,
the weatherforecastchanges,etc. Thereforeit must be
possibleto updatetheassociationsbetweennameanddoc-
ument.Otherapplicationsinterestedin thedocumentcan
obtainthevaluereferencefor a documentfrom theName
Service.TheNameServiceis completelyseparatedfrom
the XML store,asthe XML Storeonly knows of values
andvaluereferencesandnot of any symbolicnames.It
may seemthat we have simply moved the updateprob-
lem (andthe cacheandreplicaconsistency problems)to
the NameService. This is true, but updatingthe Name
Servicewill belessfrequentthanupdatingdata.

The XML Storeconsistsof four layers,eachrespon-
sible for a clearly definedsetof tasks,asshown in table
2. In theremainderof thepaper, a peer is a server in the
distributedXML Storeanda nodeis anXML node.
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Layer ExampleOperations
XML Variousmethodsfor traversalandmod-

ification of XML documents,accessing
thecontentof a characterdatanode,re-
moving andaddingchildren.

XML
Storage

ValueReference save(Node)
Node load(ValueReference)

Distributed
Storage

save(byte[],ValueReference)
byte[] load(ValueReference)

Disk save(byte[],ValueReference)
byte[] load(ValueReference)

Table2: Operationsof thelayersin theXML Storecomponent.

4.1 The Disk layer

Eachindividual peerin thesystemusestheDisk layerfor
permanentstorageof bytesequencesassociatedwith their
hashcodes. The Disk layer thus hasa hashtable inter-
faceandsimply storesandretrieves � bytesequence,hash
code	 pairsusingthelocal file system.

4.2 The Distrib uted Storagelayer

TheDistributedStoragelayeris apeer-to-peersystembased
on theChordprotocol[6, 18]. It canberegardedasa dis-
tributed hashtable that supportsstorageand retrieval of
sequencesof bytesassociatedwith a (hash)key.

TheDistributedStoragelayer is inspiredby CFS[5],
andeventhoughCFSwasnotconceivedasavalue-oriented
file system,but rathera read-onlyfile system,it doeshave
somevalue-orientedtraitsin thatthestoredblocksof data
cannotbeupdatedor deleted.

When the Distributed Storagelayer has locatedthe
peerresponsiblefor storingaparticularvalue,it storesthe
valueon thatpeerusingtheDisk layer, describedabove.

The currentXML Storesystemonly allows insertion
of data– never deletion. This meansthat the storewill
alwaysgrow, possiblycontainingdatathat areno longer
in use. Somesort of garbagecollection is required,so
thatsuchvaluescanberemoved.This is complicatedin a
distributedenvironment. The CFSsystem[5] adoptsthe
simpleapproachof using leasesto keepdataalive for a
limited time only. If a leasefor a datablock expiresthe
block is consideredunused,and is deleted. Better dis-
tributedgarbagecollectionschemesarerequired,but has
not yet beenimplemented.

4.2.1 Chord

TheChordprotocoldevelopedatMIT [18] solvesthecen-
tral problem:Givena key, locatethepeerresponsiblefor
thatkey andtheassociatedvalue.Giventhis functionality

it is easyto implementa distributedhashtablesupporting
storageandretrieval of � key,value	 pairs.

The Chordprotocol takesas input an � -bit key and
returnstheid (IP number)of somepeerontheChordiden-
tifier circle that holdsthe correspondingkey. The Chord
systemusesa variantof consistenthashing[11] to map
keys to peers.In contrastto standardhashingtechniques,
differentsetsof cells do not inducecompletelydifferent
mappingsof keysto cells.Themappingsareinstead“con-
sistent”which meansthatfor eachdifferentconfiguration
of the hashtable,the hashfunction doesnot completely
reshuffle themappingof keys to cells.

Consistenthashingcan be implementedby mapping
keys and peersto points on a circle using a basehash
function[13]. In Chordthis is accomplishedby assigning
eachpeerand eachkey a probabilisticallyunique � -bit
identifier generatedby a basehashfunction suchas the
cryptographichashfunction SHA-1. An identifier for a
peeris obtainedby hashinga uniqueidentifierof thepeer
suchasits IP-addressin anInternetenvironment.

In Chorda key is mappedto apeerid in thefollowing
way: A key, , , is mappedto thefirst peerwhoseidentifier,
� # , is equalto or follows , in the identifierspace(i.e. on
theChordidentifiercircle). Thepeerresponsiblefor , is
thesuccessorof , ’s identifier[7].

To guaranteea correct lookup Chord only requires
thatthefollowing invariantis maintained:Eachpeermust
know its immediatesuccessor. Performinglookups by
steppingthroughtheChordidentifiercircle via successor
pointersguaranteesthat the correctpeeris returned,but
this strategy is inefficient – in the worst caseevery peer
needsto betraversedleadingto a run time complexity of
�-(/.0* , where. is thetotalnumberof peersin thesystem.

To improve the run time of lookup operations,addi-
tional routing information is needed:Every peermain-
tainsan � -entrytablecalledthefinger table, where132 is
thesizeof identifierspace.Thefingertableis maintained
only to speedup lookup operations– the information is
not essentialfor correctnessas this can be achieved as
long asthesuccessorinformationis maintainedcorrectly.
In an . peerChordsystem,eachpeermaintainsinforma-
tion about�4(/57698:.0* otherpeersin thefingertable.Using
fingertablesto performa lookuprequires�-(/5;698:.0* mes-
sages[19].

4.3 The XML Storagelayer

The XML Storage layer implementsthe storagestrategy.
It is responsiblefor convertingdocumentsrepresentedas
an XML nodestructurein the XML layer to sequences
of bytesthattheunderlyingDistributedStoragelayercan
understand.

The strategy for transformingan XML documentto
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Figure4: Illustration of how finger tablesareusedto perform
a lookup operation(key <�= is queried). This Chordidentifier
circle hasa > -bit identifier space.Peersaremarked with gray
dots (1,3,5,7,9,12,15,18,20,26).Keys ? 1,11,18,24@ are shown
in little boxesnext to the peerwhich they have beenassigned.
Thefingertablesof peer A and <�B areshown.

oneor morebyte chunksis importantasthe format cho-
senhassevereconsequencesfor thesystem.It is of course
possibleto storeanXML documentin theusualserialised
text format, but not muchwould be gainedcomparedto
existing technologiessuchasDOM andSAX. The doc-
umentwould only beseriallyaccessibleasit would have
to bereadin its entiretyevery time it wasloadedinto the
object structure. Identical partsof the documentwould
notbesharedasit wouldbeimpossibleto identify thedag
structurein a single flat file. In addition, it would be a
poor useof the Chord protocol, that requiresfiles to be
split up to helpachieve loadbalancing.

Insteadwe proposea storagestrategy thatstoreseach
XML nodeasa separatevalue. For the applicationpro-
grammer, an XML documentas a whole is represented
by the root nodeof the document. Whenthe document
is saved the treeis traversedandeachnodeis savedasa
separatevalue. A valuereferenceis generatedby hash-
ing the byte representationof the node and the � value
reference,byte-representation	 pair is placedon the ap-
propriateChord peerlocatedby the Distributed Storage
layerusingtheChordprotocol(section4.2). By letting a
cryptographichashvalue(SHA-1) actasvaluereference,
thevaluereferenceis completelydeterminedby thevalue
alone,of fixed size, location independentand with high
probability uniqueto that value(i.e. distinct valuesmap
to distinctvaluereferences).

For simplicity we usea stringbasedformatfor repre-
sentingthe nodesasbytes,even thougha binary format
would be more spaceefficient. The representationof a
nodealwaysbegins with a flag indicatingthe type of the
node(<1> for elements,<2> for characterdata). A char-
acterdata-nodeis storedby simply serialisingthe text it

contains.An XML elementis storedasa string contain-
ing the nameof the elementandthe valuereferencesto
its children. Figure5 illustratesthis approachby show-
ing an XML documentandthe valuesthat it consistsof
when storedusing the describedstrategy. The example
usessymbolicvaluereferences( C��EDFCHG ) for readability;
in reality they are160-bitbinarynumbers.Thesuggested

<play>
<title>

The Tragedy of Hamlet, 
Prince of Denmark

</title>
<personae>

<persona>
HAMLET

</persona>
<persona>

OPHELIA
</persona>

</personae>
</play>

Document:

<1>title<r2>r1:

<2>The Tr agedy of  Haml et ,  
Prince of Denmark

r2:

<1>play<r1><r3>r0:

<1>personae<r4><r6>r3:

<1>persona<r5>r4:

<2>HAMLETr5:

<1>persona<r7>r6:

<2>OPHELIAr7:

Values:

Figure5: Thestoragestrategy of theXML Storesystem.The
documenton theleft is storedastheeightstringson theright.

storagestrategy hastwo importantpropertiesthat make
modificationand storing of large XML documentsvery
efficient.

First, becausewe work with immutablevalues,shar-
ing of subdocumentsis possible. When a documentis
loadedand part of it is modified we only have to save
the partsof the documentaffectedby the modification,
namelythe path from the root to the modification. The
remainingnodesarealreadystoredandthereis no need
for storingthemagain. If onefor examplewishedto add
informationabouttheplaywrightof theplay to thedocu-
mentin figure5 by adding<author>Shakespeare</author>

to theroot element<play> , thenboththe title andper-

sonae subtreeswould remainunchangedand would not
needto bestoredagain. This savesa lot of storagespace
undertheassumptionthatmostXML documentsarecopies,
slight modificationsor aggregatesof other XML docu-
ments.

Secondly, the storagestrategy allows the application
programmerto traverseand accesspartsof a document
without loadingtheentiredocumentinto memory. Theti-
tle of theplay in figure5 canfor examplebeaccessedby
traversingtheplay/title path,makingit unnecessaryto
loadtheentireplay which mayincludea very largenum-
ber of lines andscenicdescriptions.The nodestructure
hidesthis from theapplicationprogrammerby employing
lazy loading. This is accomplishedby letting the child
nodesof anelementbeproxy nodesthatknow only their
own valuereference.Whenasked for contentthe proxy
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simply loadstheactualnode.
A save operationis expensive due to network over-

head. To prevent saving a large numberof very small
nodes,nodesare inlined and only saved when they ex-
ceeda certainminimum size. Furthermoremost of the
time spentin a save operationis usedfor waiting during
network communication– if we storenodessequentially
muchtimewill bespentwaiting for asaveoperationto be
finishedbeforethenext canbeinitiated. To save time we
thereforestorea numberof nodesconcurrently.

4.4 The XML layer

TheXML layermodelsXML documentsasanobjectstruc-
ture, allowing the programmerto work with an abstract
treerepresentationof the documentinsteadof a flat, se-
quentialtext file. TheAPI allows traversalof documents
andvariousmethodsfor modifying thedocument,e.gre-
moving anelement,addinganelement,replacinganele-
mentetc.TheAPI correspondsto a subsetof themethods
offeredby DOM. However, the DOM API is imperative,
which meansthat XML nodesin the documenttree are
updateddestructively. In contrastwe provide a value-
orientedAPI, which, besidesbeing both as simple and
as applicableas DOM, allows sharingof identical sub-
documents,eliminatesthe needof locking mechanisms
andformsthebasisof secureandefficient replicationand
coalescingaswell aspreservingall previous versionsof
a modified document. A full descriptionof the value-
orientedXML API canbefoundin [20], chapter7.

5 Properties

Thedesignof theXML Storehasthefollowing desirable
properties:

Simpleimplementation: Thevalue-orientedapproachsim-
plifies usuallycomplex problemsin distributedsystems,
such as transactionhandling and cacheand replication
management. In addition, the value-orientedapproach
makes it easierto maintainseveral versionsof a docu-
ment.

Efficient XML processing:As a consequenceof work-
ing value-orientedand storing XML documentsaccord-
ing to their inherenttreestructure,sharingandlazy load-
ing aremadepossible.Thereby, theXML Storeprovides
possibilitiesfor elegant andefficient processingof XML
documents.

Applicable API: The XML Storepresentsa simpleand
flexible value-orientedAPI for processingandmanipulat-
ing XML documents.The API is easyto useand is as

versatileasDOM.

Moreover, by building theXML Storeontopof theChord
protocolwe automaticallyachieve the following proper-
ties:

Decentralised:TheXML Storebecomesfully distributed
– no peerholdsmoreinformationthanany otherpeerin
thesystem.

Scalable: Lookupoperationsoperatein time logarithmic
in thenumberof peersandonly requireslogarithmicrout-
ing informationat eachpeer. Therefore,the XML Store
scalesgracefullywhenthe numberof peersandamount
of dataincreases.

Load balance:Chordusesconsistenthashingto mapval-
uesto peers,andtherebydataarespreadevenlyaroundthe
Chordidentifier space.In the XML Storesystem,XML
documentsare split up into fragmentsaccordingto the
inherenttree structure. XML documentsare hencedis-
tributedacrossmultiple peers,which increasesload bal-
ancing,aspopularfiles arespreadacrossmultiple peers.

Fault tolerance and availability: Being basedon the
Chordprotocolit is easyto implementfault toleranceand
availability of databy using successorlists and replica-
tion, respectively. This hasbeendone in CFS and the
techniquesdescribedtherecanbe appliedwithout mod-
ification.

Self-organising: With the above measuresimplemented
the XML Storesystemis able to automaticallyadaptto
thearrival, departureandfailureof peers.

6 Implementation

We have implementeda prototypeof the XML Storein
Java1.4. It is availablefrom www.it.edu/xmlstore/ . For
a detaileddescriptionof theimplementationsee[20].

TheprototypeimplementstheChordprotocolbut does
not implementany measuresfor fault toleranceandavail-
ability of data.Thesefeatureshavebeenimplementedand
describedby Dabeket al. [7] in theCFSsystemandcan
beaddedwithout alterations.

The currentprototypehasbeensubjectedto a large
numberof experimentsand is expectedto be fairly bug
free.
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7 Results& evaluation

A numberof experimentswith theproof-of-conceptpro-
totypehave beenconductedto evaluatethe performance
and scalability of the XML Storeand the usefulnessof
the programmingmodel. The experimentsshow that the
time taken to storea documentis mostly dependenton
the numberof nodesin a document,and to a lesserde-
greethe sizeof the nodes. This is understandablesince
eachnodeis storedseparatelyrequiringfairly expensive
network communication.Thefirst prototypeof theXML
StoreusedTCP/IP for network communication,but this
was too slow for sendingshort request-replymessages.
The currentXML Storeusesa UDP-basedprotocolwith
errorcorrectionandflow control,andis considerablyfaster,
but network communicationis still a bottleneck.

TheexperimentsfurthermorerevealthattheXML Store
shows satisfactoryperformancewhenstoringnodes.The
prototypecanstorebetweenI�J and ��� XML nodesper
secondwith an averageof approximatelyI9K nodesper
second. Loading of files is a bit slower ( IL� nodesper
secondon the average)probablybecausenodesare not
loadedconcurrently. The experimentwas conductedin
a controlledtestenvironmentwith J�� XML Storepeers,
configuredto store ��� nodesconcurrentlyandonly inline
subtreessmallerthanthesizeof a valuereference.

It is possibleto improve the performanceof the save
and load operationsby increasingthe inlining constant
– the size limit that determineswhethera nodeis small
enoughto beinlined in its parentor whetherit shouldbe
savedindividually. By inlining morenodeswe reducethe
numberof network operations,asfewer andlargerblocks
of dataarestored,therebyincreasingthesystem’s overall
performance.More inlining unfortunatelyalsodecreases
sharing:Identicalsubtreesarestill shared,but theamount
of sharingis reduced,becauseidenticalnodesthatprevi-
ouslywould have beenshared,canbeinlined in different
contexts. More researchis neededto determinetheactual
impacton sharing.

Theexperimentsdemonstratethebenefitsof thevalue-
orientedapproachwhen storing modificationsof docu-
ments.Saving anXML documentusingconventionaltech-
nologies,suchastext files,will taketimelinearin thesize
of the document.If insteadan XML documentis saved
usingthe describedapproach,the time it takesto save a
documentwill be linear in the sizeof the changesmade
to the document.Table3 shows the resultsof saving the
XML document“The Tragedyof Hamlet,Princeof Den-
mark” repeatedlyin theXML Store,aftermodifying it in
variousways.Theexperimentwasconductedin thesame
testsetup.As canbeseenfrom theresults,it takessome
time to save the XML documentthe first time. Saving
the documentagain, after modifying it in variousways,

Operation Inlining: 31 Inlining: 250
Save “Hamlet” MNBO>�B�=�< msec =OB�B�P msec
Add character MQ<�R msec <�P msec
Modify title MNA�R msec =�M msec
Add speech MNSO< msec =3P msec
Modify line MNB�S msec =�M msec
Delete(final) scene MT=3< msec AOS msec

Table3: Resultsof saving anXML document( <�U�= KB) repeat-
edly after modifying it in variousways. In the first experiment
subtreesare inlined only if they are smallerthan the size of a
valuereference( A9M bytes)andin thesecondonewhenthey are
smallerthan <�>�B bytes.

is much faster, therebydemonstratingthe advantagesof
usinga value-orientedapproachwhensaving documents.
Furthermore,thevalue-orientedapproachensuresthatall
previousversionsof thedocumentstill existsin theXML
Store.

Theversatilityof theAPI hasbeendemonstratedalso
by implementingadistributede-mailapplicationontopof
theXML Store.Thedesignandimplementationof thee-
mail systemshow thattheproposedAPI is applicableand
that the XML Storeis suitablefor being the underlying
framework of applicationslike thedistributede-mailsys-
tem[20]. However, largerandmorerealisticexamplesare
neededto fully assesstheusefulnessof theprogramming
model.

8 Conclusion

We have presentedthe designof the XML Store,a peer-
to-peersystemfor storingXML documents.By building
on theChordprotocol,theXML Storebecomesscalable,
decentralised,self-organisingand provides somedegree
of loadbalancing.

When storing XML documentswe employ a value-
orientedstoragestrategy and split up XML documents
accordingto their inherenttree structure. Eachsubdoc-
ument is considereda value and is storedseparatelyin
the distributed file system. This storagestrategy offers
many advantagesover conventionaltext basedtechnolo-
gies suchas SAX and DOM, the most importantbeing
thepossibility to obtainandpreserve sharingof identical
subdocuments.The treestructuredstorageformat more-
overmakeslazy loadingpossible,i.e. partsof adocument
canbeaccessedwithout having to loadandparsetheen-
tire document.The value-orientedapproachfurthermore
providessimplesolutionsto usuallycomplex problemsin
distributedsystems,suchastransactionhandling,caching
andreplicationandit makesit easierto maintainseveral
versionsof a document.
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On top of the storageinfrastructurewe have built a
value-orientedAPI for processingXML documents.The
API representsXML documentsas an object structure,
resemblingDOM, except that all aspectsof the API are
value-oriented– any modificationsto a documentwill re-
sult in a new documentbeingbuilt, leaving the old doc-
umentunaltered.The API is arguablyasapplicableand
versatileasDOM, andgivesthe applicationprogrammer
afull rangeof operationsfor readingandmodifyingXML
documents.The versatility of the API hasbeendemon-
stratedby implementingane-mailsystem,modellingthe
user’s foldersandmessagesasXML documents.

Our experimentsshow thatdueto theextensive shar-
ing of subdocuments,modificationof storeddocuments
is extremelyefficient comparedto storageusingtext files.
Only the changedpartsof a documentneedto be stored
– not theentiredocumentasin theconventionalserialisa-
tion of XML documents.

Thetechniquespresentedin thispaperhavethepoten-
tial to enablemany interestingdevelopmentsin theareaof
distributedsystemsaswell asXML processing.

9 Futur ework

Directionsfor future work on the XML Storeprojectin-
cludessecurity, garbagecollection,andsearchfacilities.

The currentXML Storeimplementationdoesnot in-
cludesecurityfeatures.However, in [20] we presentan
encryptionstrategy, ContentHashEncryption, thatmakes
it possibleto encryptvaluesand still maintainsharing,
therebypreventingunauthoriseduserfrom readingthecon-
tentsof values.Furthermore,it is difficult to tamperwith
datathatresidesin theXML Storewithout thetampering
being easily detectable.However, we still needto con-
sidersecuritymeasuresfor preventingvandalism.

A moreadvancedform of garbagecollectionthantimed
leasesis required,sothatvaluesthatareno longerin use
canberemoved.

TheXML Storesystemcouldbenefitfrom asearchfa-
cility, thatallows a userto performdatabasestylequeries
or to retrieve a list of all documentscontainingone or
morekeywords.

XPathandXQueryareW3C standardsfor expressing
databasestylequeries.With XPath,a setof nodescanbe
selectedbasedonaregularpathexpression.However, this
operationcanbeveryexpensiveto performif wearedeal-
ing with a large XML documentand if the entire XML
documenthasto bescannedto retrievetherelevantnodes.
To reducethe portion of datathat hasto be scanned,in-
dex schemeshave beenproposed. Current researchon
indexesfor semi-structureddataincludesthe projectson
Dataguides[9], T-indexes [14] and TOXIN [15]. How-
ever, more researchin the areaof distributed indexes is

needed,especiallyregardingwhetheradvantagescanbe
gainedfrom thevalueorientedapproach.
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