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Abstract

ThispapermpresentandevaluatesXML Store,adistributed
and highly scalablestoragesystemfor XML documents
that builds on the Chordpeerto-peerprotocoldeveloped
atMIT. Theinterface(API) to the storagesystemis sim-
ple andvalue-orientedpermittingno destructve updates,
which permits simple solutionsto replication, caching,
andtransactiormanagement.

Our experimentalimplementatiorof XML Storeand
the Chordprotocolin Java performssatistctorily andde-
monstratetheadantage®f value-orientegorogramming.

1

The growth in storagepandwidth,andcomputationale-
sourceshas fundamentallychangedthe way that appli-
cationsare constructedand hasinspireda new classof
distributed peerto-peerstorageinfrastructures.Existing
peerto-peersystemssuchas CFS[7, 5], PAST [17, 8]
andOceanStorg3, 12] seekto take advantageof therapid
growth of resourceso provide inexpensve, highly avail-
able storagewithout centralisedseners. Thesesystems
are basedon protocols(Chord [6, 18], Pastry [16] and
Tapestryf24]) thatmapdatato seners,therebyessentially
providing distributedhashtablefunctionality.

We presentthe XML Store,a distributed storagein-
frastructurefor storing XML documents.Henglein[10]
provided the initial ideaof a value-orientedXML Store,
which is partof the ongoing“Plan 10" project. Like the
above peerto-peersystemsthe XML Storerelieson a
peerto-peerdistributedhashtable,namelyChord|[6, 18]
thatsupportsstorageandretrieval of dataassequencesf
bytesassociatedvith a 160-bit hashvalue. However, the
XML Storedoesnot offer a corventionalfile systemin-
terface butrathertransparenstorageof XML documents.
The XML Storefurthermoreprovidesarich API for pro-
cessingandmanipulatingKML documents.

In this papemwe focusonthedesignof the XML Store
andthevalue-oriente@pproachThecentralideaof value-

Intr oduction

orientedprogrammings thatdataareimmutable andthat

computationproceeddy creatingnew values,not by al-

tering existing dataasin the prevalentapproachknown

from imperative programminglanguages. In such pro-

gramminglanguagesgataaremodifieddestructvely and

consequenththe original dataare lost. This precludes
sharingand complicategeplication. Destructe updates
of datacauseproblemsn a distributedervironmentmak-

ing cachemanagemerandtransactionglifficult.

In a distributed setting value-orientedprogramming
hasan a priori advantageover imperative programming,
asit doesnot suffer the problemsof handling multiple
destructve updates.Cachemanagemendnd consisteng
protocolsareunnecessanandupdatesanbe performed
atomicallywithout complex transactiorcontrol.

The XML Store systemstoresXML documentsus-
ing the value-orientedapproach.Although XML is quite
widespreadoday mostXML documenhandlingusedra-
ditional methods storing XML documentsn text filesin
acorventionalfile system.By usingvalue-orientedech-
niguesandstoringXML documentsccordingo theirin-
herenttree structure,possibilitiesarisefor more elegant
XML processing.For instance sharingof identical sub-
documentsandlazy loadingbecomepossible.

Thefocal point of this paperis the value-orientedap-
proachto storingXML combinedwith a peerto-peerdis-
tributedhashtable.Otherinterestingaspectsf distributed
storagesystemssuchasprivagy, anorymity, security be-
ing tamperproof and censorshipesistantareinteresting,
but notagoalin this paper

The remainderof this paperis organisedas follows.
Section?2 discussegelatedwork. Section3 introduces
value-orientedprogramming. Section4 outlinesthe de-
sign of the XML Storeandbriefly describe€Chord,used
for routingandlocationin the XML Store.Sections and
6 describethe propertiesandimplementatiorof the XML
Store,respectiely. An evaluationof the XML Storeis
presentedh section7. Section8 summarisesurfindings
andconcludethepaper Finally, section9 discussefuture
work.



2 Relatedwork

The XML Storewasinspiredby CFS[6, 7] andby var
ioustechnologiedor storingandprocessingKML docu-
ments.This sectionpresentselatedtechnologiedor stor
ing XML documentsaswell asrelatedpeerto-peerstor
agesystems.

2.1 Textfiles

Most XML documentsrestoredastext filesin acorven-
tionalfile system.Documentprocessingequiresparsing,
possiblyusingframevorks suchasSAX andDOM. This
approacthassomedrawvbacks.First of all, only serialac-
cessis possible. To build an abstractrepresentationf a
documentt is necessaryo parsetheentirefile into anin-
memoryrepresentationThis limits the sizeof XML doc-
umentsthat can be handledandis inefficient whenonly
partsof the documenneedto be accessedCorventional
file systemsare furthermorenot well suitedfor manag-
ing concurrenupdatesin amulti-userervironmentthese
issuesmustbe handledby the applicationprogrammer
The main adwantageof storing XML documentsin
text filesis thatno corversionis necessarywhenexchang-
ing information, asthe dataare alreadyavailablein the
formatthatapplicationsexpect.

2.2 Relational databases

Anotherapproachs to store XML documentsn a rela-

Unlike our XML Store,which is basedon a peerto-peer
system,Tamino and Xindice are centralisedsener solu-
tions. They provide XPath-basedquery capabilitiesin

combinationwith indexing. Tamino also offers text re-
trieval for searchingn non-indexedpartsof anXML doc-
umentand will supportXQuery whenit is ratified asa
W3C standard.

2.4 Peerto-peersystems

Thepopularityof peerto-peeffile sharingsystemsuchas
Napster[23] andGnutella[22] hascreateda flurry of re-
centresearclactivity into peerto-peerarchitecturesuch
asCFSJ[7, 5], PAST [17, 8] andOceanStor¢3, 12].

Although the exact definition of a “peerto-peersys-
tem” is debatablesucha systemtypically doesnot have
dedicated centralisedinfrastructure,but ratherdepends
on the voluntary participationof peersto contrikute re-
sourceut of which theinfrastructurds constructed.

In Napstera centralsener storesanindex of all files
availablewithin thesystem.To retrieve afile, auserqueries
this centralsener using the desiredfile’s nameand ob-
tainsthe location (the IP addresf a usermachine)that
storesthe requestedile. The procesf locatingafile is
thusvery muchcentralisecandtherefore Napsteris nota
“pure” peerto-peersystem.

Gnutellais a decentralisechbeerto-peersystemand
hasnocentralsenersto query Insteadpeerdn theGnutella
network usebroadcasto locatefiles. Peerto-peersys-
temssuchas XML Store,CFS[7, 5], PAST [17, 8] and

tional databaseThe main adwantageis thatthe database OceanStorg3, 12] seekto provide highly availablestor

handledssuessuchasconcurreng control, dataintegrity
andscalabilityin a multi-userervironment.

Using a relationaldatabase&o store XML documents

requirescomplex mappingsof XML datato databasen-
tities. It is possibleto createa databasschemao storeall
kindsof XML documentsbut this approachis inefficient
sincethe datamodelof XML is very differentfrom the
relationaldatamodel[21], andleadsto very comple and
inefficient SQL queries.

Typically the applicationprogrammewill requirea

agewith efficient location-independerrbuting andloca-
tion in adecentralise@rvironment.
Thesepeerto-peersystemsely on novel distributed
algorithmsfor routingandlocating. XML StoreandCFS
arebasedn Chord[6, 18], PAST is basedn Pastry[16],
andOceansStorés basedon Tapestry[24].
All thesealgorithmsresembleaistributedhashtables,

supportinghebasicoperationsinsertandlookupof (key,value

pairs,wherekey = hash(:alue)andthe hashfunctionpro-
vides a deterministic,random,uniform distribution. In

DTD or XML Schemaprior to creationof the database essencqhea|gorithmsdistrimte<ke)/,va|ue> pairsacross

tables.

2.3 Native XML databases

Native XML databasearedesignedor storingandpro-
cessingXML data. Dataare insertedas XML andre-
trievedasXML.

TaminoXML Sener [1] andApacheXindice [2] are
bothnative XML databasesA schemandependentnodel
employed by both Taminoand Xindice makesit possible
to storevery complex XML structureghatwould be dif-

ficult orimpossibleto mapto a morestructureddatabase.

variouspeersin a large network, in a mannerthat facili-
tatesscalableaccesso datausingthe key.

The scalability of datalocationandqueryin peerto-
peersystemss of paramountoncern It shouldbe possi-
ble to extendthe systemwith new resourcest a reason-
ablecostandthereshouldbeno performancdottlenecks.

Napster[23] is not consideredscalable,sinceit re-
lies on a centralsener to locatefiles andthis resultsin
a performancebottleneck. Gnutella[22] displaysa lim-
ited scalabilitybecausef the extensive useof broadcast-
ing. Thebroadcasbasedorotocolincurshigh bandwidth



XML CFSs PAST Ocean- Napster Gnutella
Store Store
Routing & loca- | Chord Chord Pastry Tapestry Central Broad-
tion sener cast
Deterministic lo- | Yes Yes Yes Yes No No
cation
Scalable Yes Yes Yes Yes No Limited
Decentralised Yes Yes Yes Yes No Yes
Split up docu- | Yes Yes No No No No
ments
Immutable data | Yes Yes Yes No No No

Tablel: Featuresindpropertiesof relatedpeerto-peersystems.

requirements.

TheXML Store,CFS,PAST andOceanStorall scale
well, dueto the routing andlocation schemeghat they
use.

Tablel givesanoverview of themostimportantprop-
ertiesandfeaturesof the discussecpeerto-peersystems
CFS,PAST, OceanStorelNapster Gnutellaandthe XML
Store.A moredetailedsurwey of relatedwork in thefield
of peerto-peerstoragesystemsanbefoundin [20].

3 Value-orientedprogramming

Value-orientegorogrammings programmingwith values
andvaluereferencesyhicharethemselesvalues.Values
areby definitionimmutable.This principleapplynotonly
to primitives but alsoto complex and compositevalues
suchaslists andtreestructuresHence,jt is impossibleto
changeary constituenbf acompositevalue.

Programmingvith immutablevaluesmay, for thecon-
ventionalprogrammerseemalien andincorvenient. As
theimperatie paradigmrevolvesaroundassignmenand
hencemodificationof data,the inability to destructvely
updatemay seemlike a limitation in the programming
model. As is known from functional programmingthis
is not the case,provided that new valuescanbe created
easily

Theimperatve programmingnodelhasa “copy-and-
update” style of datamanipulation,which typically in-
volvesthefollowing threesteps:

1. Copy datafrom source.
2. Destructvely updatethe copy.
3. Copy theupdateddatabackto source.

Value-orientegprogrammingadoptsa “share-and-create’

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

1.
2.

Obtainareferencdo data.

Nondestructiely createa new value, which typi-
cally involvescopying partsof the original data.

. Replacethe original referencewith a referenceto
thenew value.

Value-orientedconceptsare usednot only in functional

programminganguagesFor instance Jasa’s stringsare

immutable which meanghatevery modificationmustcre-
atea new string  object, leaving the original objectun-

changed. This permitssharingand efficient comparison
andparametepassingof strings.

3.1 Value-orientedtrees

We focuson tree-structuredlata,becauseXML is a lin-
earsyntaxfor describinglabelledtrees.Considerthe two
treesin figure 1, which representwo XML documents.
Insteadof having two isomorphicsubtreesthetreeshave
areferenceo the commonsubtree Notethatareference
to asubtreds notacornventionalpointer but ratheravalue
refelence A valuereferences anidentifierfor avalueand
canbe usedto retrieve a valueby usinga valuereference
resoher. Whenreplacingone of the subtreesn figure 1
by avaluereferencethetwo treesform a directedagyclic
graph(dag),asa nodecannow have morethanonepar
ent. It is still possibleto recreateboth of the original two
treesby traversingthe dagfrom the two root nodes.Ob-
senethatsharingis only possiblebecausealue-oriented
programmingprovidesa semantigguaranteeNo updates
to substructues
In value-orientegorogrammingevery singlenodein a
"treecanbe considerecanimmutablevalue. Modification

styleknown from functionalprogrammindanguagessuch of a treeis accomplishedy creatinga new (modified)
as StandardML, Schemeand Haslell. Value-oriented tree, sharingunchangedarts. Figure 2 shaws treerep-

programmings characterisetty sharingasmuchdataas

resentation®f two XML documentsA and B. In docu-



Figurel: Isomorphicsubtreesharedby two treesA andB.

ment A we wantto changethe contentof node Hamlet
to Ophelia. A modificationof a nodepropagtesall the
way to thetop of thetree,which meanshatanew tree A’
hasto be built from theroot of A. This is lesswasteful
thanit mayseensinceA’ sharesnostof its nodeswith A
andatmostdepth(A) nen nodesareintroducedn A'.

Figure?2: Modification of atreeusingvalue-orientegrrogram-
ming.

Distributed systemasneedcaching to provide fastac-
cessto shareddata,andreplicationto increasefault tol-
erance. But cachingandreplicationintroduceproblems
with inconsisteng if datacanbeupdatedImmutabledata
have the advantagethat they requireno cachecoherence
managementFurthermorejmmutabledatacanbefreely
replicatedandcoalescedde-replicatecandshared)with-
outthe needof complex replicationprotocols.

4 Designoverview

Figure3 shavsthe XML Store,the NameServiceandan
applicationusingthesetwo componentsThe XML Store

APPLICATION

1 Application |
x|
XML Storage
NAME SERVICE

Distributed Storage
Disk

' OS +network E

XML STORE

Figure3: An applicationusingthe XML Storesystemwhere
four layersareshavn.

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

When storing a given documentthe XML Storere-
turns a value referencereferringto the document. This
referencecan either be storedlocally by the application
or be associatedvith a symbolic nameusing the Name
Service which mapssymbolicnamedo valuereferences.

The purposeof the Name Serviceis to build useful
distributed applications,becausenve needto be able to
associateXML documentswith namesreadableby hu-
mans.Clientscannotshareparticularresourcesnanaged
by a computersystemunlessthey can namethem con-
sistently Thus, namesfacilitate communicationand re-
sourcesharing[4]. Theentireworld is notvalueoriented:
Exchangerateschange hewspapergublishnew articles,
the weatherforecastchangesgtc. Thereforeit mustbe
possibleto updateheassociationbetweemameanddoc-
ument.Otherapplicationsnterestedn the documentan
obtainthevaluereferencdor a documenfrom the Name
Service.The NameServiceis completelyseparatedrom
the XML store,asthe XML Storeonly knows of values
andvaluereferencesandnot of ary symbolicnames. It
may seemthat we have simply moved the updateprob-
lem (andthe cacheandreplicaconsisteng problems)to
the Name Service. This is true, but updatingthe Name
Servicewill belessfrequentthanupdatingdata.

The XML Storeconsistsof four layers,eachrespon-
sible for a clearly definedsetof tasks,asshavn in table
2. In theremainderof the paper a peeris asenerin the
distributed XML Storeandanodeis anXML node.



Layer Example Operations

XML Variousmethodsgfor traversalandmod-
ification of XML documentsaccessing
the contentof a charactedatanode,re-
maving andaddingchildren.

XML ValueReference  save(Node)

Storage Node load(ValueReference)

Distributed| save(byte[],ValueReference)

Storage byte[]  load(ValueReference)

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

Table2: Operation®f thelayersin theXML Storecomponent.

4.1 The Disk layer

Eachindividual peerin the systemuseshe Disk layerfor
permanenstorageof bytesequenceassociateavith their
hashcodes. The Disk layer thus hasa hashtableinter
faceandsimply storesandretrieves (byte sequencehash
codé pairsusingthelocalfile system.

4.2 The Distrib uted Storagelayer

TheDistributedStoragdayeris apeerto-peersysterrbased:

onthe Chordprotocol[6, 18]. It canberegardedasadis-
tributed hashtable that supportsstorageand retrieval of
sequencesf bytesassociateavith a (hash)key.

The Distributed Storagdayer is inspiredby CFSJ[5],
andeventhoughCFSwasnotconcevedasavalue-oriented
file systemput ratheraread-onlyfile systemjt doeshave
somevalue-orientedraitsin thatthe storedblocksof data
cannotbe updatedor deleted.

When the Distributed Storagelayer haslocatedthe
peerresponsibldor storinga particularvalue,it storeshe
valueonthatpeerusingthe Disk layer, describedabove.

The currentXML Storesystemonly allows insertion
of data— never deletion. This meansthat the storewill
alwaysgrow, possiblycontainingdatathatareno longer
in use. Somesort of garbagecollectionis required,so
thatsuchvaluescanberemored. Thisis complicatedn a
distributedervironment. The CFS system[5] adoptsthe
simple approachof usingleaseso keepdataalive for a
limited time only. If aleasefor a datablock expiresthe
block is consideredunused,andis deleted. Better dis-
tributedgarbagecollectionschemesrerequired,but has
notyet beenimplemented.

4.2.1 Chord

TheChordprotocoldevelopedatMIT [18] solvesthecen-
tral problem: Givenakey, locatethe peerresponsibldor
thatkey andtheassociategalue. Giventhis functionality

it is easyto implementa distributedhashtablesupporting
storageandretrieval of (key,valué pairs.

The Chord protocoltakes asinput an m-bit key and
returnstheid (IP number)of somepeeronthe Chordiden-
tifier circle thatholdsthe correspondindey. The Chord
systemusesa variantof consistenthashing[11] to map
keysto peers.In contrastio standarchashingtechniques,
differentsetsof cells do not inducecompletelydifferent
mappingof keysto cells. Themappingsareinstead‘con-
sistent"which meanghatfor eachdifferentconfiguration
of the hashtable, the hashfunction doesnot completely
reshufle the mappingof keysto cells.

Consistenthashingcan be implementedoy mapping
keys and peersto points on a circle using a basehash
function[13]. In Chordthisis accomplishedby assigning
eachpeerand eachkey a probabilisticallyuniquem-bit
identifier generatedy a basehashfunction suchasthe
cryptographichashfunction SHA-1. An identifier for a
peeris obtainedoy hashinga uniqueidentifierof the peer
suchasits IP-addres$n anInternetervironment.

In Chordakey is mappedo apeerid in thefollowing
way: A Kkey, k, is mappedo thefirst peerwhoseidentifier,
id, is equalto or follows % in theidentifier space(i.e. on
he Chordidentifiercircle). The peerresponsibldor & is
he successoof k’'sidentifier[7].

To guaranteea correctlookup Chord only requires
thatthefollowing invariantis maintained Eachpeermust
know its immediatesuccessor Performinglookups by
steppingthroughthe Chordidentifier circle via successor
pointersguaranteeshat the correctpeeris returned,but
this stratayy is inefficient — in the worst caseevery peer
needgo betraversedeadingto a run time compleity of
O(N), whereN is thetotalnumberof peersn thesystem.

To improve the run time of lookup operations addi-
tional routing informationis needed: Every peermain-
tainsanm-entrytablecalledthefinger table where2™ is
thesizeof identifierspace Thefingertableis maintained
only to speedup lookup operations- the informationis
not essentiaffor correctnessas this can be achieved as
long asthe successonformationis maintainecdcorrectly
In an N peerChordsystemgachpeermaintainanforma-
tion aboutO (log N) otherpeersin thefingertable.Using
fingertablesto performalookuprequiresO(log N) mes-
sageg19].

4.3 The XML Storagelayer

The XML Storage layerimplementsthe storagestrateyy.
It is responsibldor corvertingdocumentsepresenteads
an XML nodestructurein the XML layer to sequences
of bytesthatthe underlyingDistributed Storagdayer can
understand.

The stratgyy for transformingan XML documentto



Finger table (n=3)

Start | Successor
4 5
5 5
7 7

26

Finger table (n=20,
Start
21
22 26
24 26
28 1
4 5

Successor|
26

Figure4: lllustrationof haw finger tablesare usedto perform

alookup operation(key 24 is queried). This Chordidentifier

circle hasa 5-bit identifier space. Peersare marked with gray

dots(1,3,5,7,9,12,15,18,20,26Keys {1,11,18,24 are shovn

in little boxesnext to the peerwhich they have beenassigned.
Thefingertablesof peer3 and20 areshavn.

oneor more byte chunksis importantasthe formatcho-
senhassevereconsequencedsr thesystem.t is of course
possibleto storean XML documentn theusualserialised
text format, but not muchwould be gainedcomparedo
existing technologiessuchasDOM and SAX. The doc-
umentwould only be serially accessiblasit would have
to bereadin its entiretyevery time it wasloadedinto the
objectstructure. Identical partsof the documentwould
notbesharedasit would beimpossibleto identify thedag
structurein a singleflat file. In addition, it would be a
poor useof the Chord protocol, that requiresfiles to be
split up to helpachieve load balancing.

Insteadwe proposea storagestratgy thatstoreseach
XML nodeasa separatevalue. For the applicationpro-

contains.An XML elementis storedasa string contain-
ing the nameof the elementandthe value referencego
its children. Figure5 illustratesthis approachby show-
ing an XML documentandthe valuesthatit consistsof
when storedusing the describedstratgly. The example
usessymbolicvaluereferencegr0 — r7) for readability;
in reality they are160-bitbinarynumbers.The suggested

Document Values

<play>
<title>
The Tragedy of Hamlet,
Prince of Denmark
<ftitle>
<personae>
<persona>
HAMLET
</persona>
<persona>
OPHELIA
</persona>
</personae>
<[play>

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

rl: | <1>title<r2> |

<2>The Tragedy of Haniet,

2 Prince of Denmark

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

r4: | <1>persona<r5>

r6: | <1>persona<r7>

5: | <2>HAMLET |

I7: | <2>0OPHELIA

Figure5: The storagestrat@y of the XML Storesystem.The
documenbntheleft is storedasthe eightstringson theright.

storagestratgy hastwo importantpropertiesthat make
moadificationand storing of large XML documentsvery
efficient.

First, becausave work with immutablevalues,shar
ing of subdocumentss possible. When a documentis
loadedand part of it is modified we only have to save
the partsof the documentaffectedby the modification,
namelythe pathfrom the root to the modification. The
remainingnodesare alreadystoredandthereis no need
for storingthemagain. If onefor examplewishedto add

grammey an XML documentas a whole is represented informationaboutthe playwrightof the play to the docu-

by the root nodeof the document. Whenthe document
is savedthe treeis traversedandeachnodeis savedasa

separatevalue. A valuereferences generatedy hash-
ing the byte representatiorof the node and the (value

reference byte-representationpair is placedon the ap-

propriateChord peerlocatedby the Distributed Storage
layerusingthe Chordprotocol(section4.2). By letting a

cryptographichashvalue(SHA-1) actasvaluereference,
thevaluereferencas completelydeterminedy thevalue

alone, of fixed size, locationindependenand with high

probability uniqueto thatvalue(i.e. distinctvaluesmap

to distinctvaluereferences).

For simplicity we usea string basedormatfor repre-
sentingthe nodesas bytes, even thougha binary format
would be more spaceefficient. The representatiorf a
nodealwaysbegins with a flag indicatingthe type of the
node(<1> for elementsg2> for charactedata). A char
acterdata-nodes storedby simply serialisingthe text it

mentin figure5 by adding<author>Shakespeare</author>

to theroot elementkplay> , thenboththetite  andper-
sonae Subtreesvould remainunchangedand would not
needto be storedagain. This savesa lot of storagespace
undertheassumptiothatmostXML documentsrecopies,
slight modificationsor aggrejatesof other XML docu-
ments.

Secondly the storagestratgyy allows the application
programmerto traverseand accesgartsof a document
withoutloadingthe entiredocumeninto memory Theti-
tle of theplayin figure 5 canfor examplebe accessetly
traversingthe playtitle path,makingit unnecessarto
loadtheentireplay which mayincludeavery large num-
ber of lines and scenicdescriptions. The nodestructure
hidesthis from theapplicationprogrammeby employing
lazy loading. This is accomplishedby letting the child
nodesof anelementbe proxy nodesthatknow only their
own valuereference.Whenaslked for contentthe proxy



simply loadsthe actualnode.

A save operationis expensve dueto network over
head. To prevent saving a large numberof very small
nodes,nodesare inlined and only saved when they ex-
ceeda certainminimum size. Furthermoremostof the

versatileasDOM.

Moreover, by building the XML Storeontop of theChord
protocolwe automaticallyachieve the following proper
ties:

time spentin a save operationis usedfor waiting during
network communication- if we storenodessequentially Decentralised: The XML Storebecomedully distributed
muchtime will bespentwaiting for asase operationto be — no peerholdsmoreinformationthanary otherpeerin
finishedbeforethe next canbeinitiated. To savetimewe thesystem.
thereforestorea numberof nodesconcurrently
Scalable: Lookup operationperaten time logarithmic
4.4 The XML layer in thenumberof peersandonly requiredogarithmicrout-
ing informationat eachpeer Therefore the XML Store
TheXML layermodelsXML documentsisanobjectstruc- scalesgracefullywhenthe numberof peersand amount
ture, allowing the programmerto work with an abstract of dataincreases.
treerepresentationf the documentinsteadof a flat, se-
guentialtext file. The API allows traversalof documents Load balance: Chordusesconsistenhashingo mapval-
andvariousmethodsfor modifying thedocumentge.gre- uesto peersandtherebydataarespreacevenlyaroundthe
moving anelementaddingan elementreplacinganele- Chordidentifier space.In the XML Storesystem, XML
mentetc. The API corresponds$o asubsebf themethods documentsare split up into fragmentsaccordingto the
offeredby DOM. However, the DOM API is imperatve, inherenttree structure. XML documentsare hencedis-
which meansthat XML nodesin the documenttree are tributed acrossmultiple peers,which increasedoad bal-
updateddestructvely. In contrastwe provide a value- ancing,aspopularfiles arespreadacrossmultiple peers.
oriented API, which, besidesbeing both as simple and
as applicableas DOM, allows sharingof identical sub- Fault tolerance and availability: Being basedon the
documents eliminatesthe needof locking mechanisms Chordprotocolit is easyto implementfault toleranceand
andformsthebasisof secureandefficientreplicationand availability of databy using successolfists and replica-
coalescingaswell aspreservingall previous versionsof tion, respectiely. This hasbeendonein CFS andthe
a modified document. A full descriptionof the value- techniquesiescribedherecanbe appliedwithout mod-
orientedXML API canbefoundin [20], chapter7. ification.

Self-organising: With the abose measuresmplemented
the XML Storesystemis ableto automaticallyadaptto
thearrival, departureandfailure of peers.

5 Properties

Thedesignof the XML Storehasthe following desirable
properties:
6

Simpleimplementation: Thevalue-orientedpproactsim-
plifies usually complex problemsin distributed systems, We have implementeda prototypeof the XML Storein
such as transactionhandling and cacheand replication Javal.4. It is availablefrom www.it.edu/xmistore/ . For
management.In addition, the value-orientedapproach adetaileddescriptionof theimplementatiorsee[20].
malkes it easierto maintain several versionsof a docu- Theprototypeimplementghe Chordprotocolbut does
ment. notimplementary measure$or faulttoleranceandavail-
ability of data.Thesdeatureshave beenmplementecind
describedhy Dabeketal. [7] in the CFSsystemandcan
beaddedwithout alterations.

The currentprototypehasbeensubjectedto a large
numberof experimentsandis expectedto be fairly bug
free.

Implementation

Efficient XML processing:As a consequencef work-
ing value-orientedand storing XML documentsaccord-
ing to their inherenttreestructure sharingandlazy load-
ing aremadepossible. Thereby the XML Storeprovides
possibilitiesfor elegantandefficient processingf XML
documents.

Applicable API: The XML Storepresentsa simpleand
flexible value-oriented\PI for processingagndmanipulat-
ing XML documents.The API is easyto useandis as



7 Results& evaluation

A numberof experimentswith the proof-of-conceppro-
totype have beenconductedo evaluatethe performance
and scalability of the XML Store and the usefulnesof
the programmingmodel. The experimentsshov thatthe
time taken to storea documentis mostly dependenbn
the numberof nodesin a documentandto a lesserde-
greethe size of the nodes. This is understandablsince
eachnodeis storedseparatelyrequiringfairly expensve
network communication.Thefirst prototypeof the XML
StoreusedTCP/IP for network communication put this

was too slow for sendingshort request-replymessages.

The currentXML Storeusesa UDP-basedrotocolwith

errorcorrectionandflow control,andis considerablyaster

but network communicatiornis still abottleneck.

Operation Inlining: 31 | Inlining: 250
Save “Hamlet” 105042 msec 4006 msec
Add character 129 msec 26 msec
Modify title 139 msec 41 msec
Add speech 182 msec 46 msec
Modify line 108 msec 41 msec
Delete(final) scene 142 msec 38 msec

Table3: Resultsof savingan XML documen(274 KB) repeat-
edly after modifying it in variousways. In thefirst experiment
subtreesareinlined only if they are smallerthanthe size of a
valuereferencg31 bytes)andin the secondonewhenthey are
smallerthan250 bytes.

is muchfaster therebydemonstratinghe adwvantagesof
usingavalue-orientedapproachwhensaving documents.

Theexperimentsurthermorerevealthatthe XML Store ¢, yhermorethe value-orientedipproactensureghatall

shaws satishctory performancavhenstoringnodes.The
prototypecanstorebetween3s and60 XML nodesper
secondwith an averageof approximately38 nodesper
second. Loading of files is a bit slower (31 nodesper
secondon the average)probably becausenodesare not
loadedconcurrently The experimentwas conductedin

a controlledtestenvironmentwith 50 XML Storepeers,
configuredto store10 nodesconcurrentlyandonly inline

subtreesmallerthanthe sizeof avaluereference.

It is possibleto improve the performanceof the save
and load operationsby increasingthe inlining constant
— the sizelimit that determinesvhethera nodeis small
enoughto beinlined in its parentor whetherit shouldbe
savedindividually. By inlining morenodeswe reducethe
numberof network operationsasfewer andlargerblocks
of dataarestored therebyincreasinghe systems overall

previousversionsof thedocumenstill existsin the XML
Store.

Theversatility of the APl hasbeendemonstratedlso
by implementingadistributede-mailapplicationontop of
the XML Store.Thedesignandimplementatiorof the e-
mail systemshaw thatthe proposed\PlI is applicableand
thatthe XML Storeis suitablefor beingthe underlying
framework of applicationdik e the distributede-mail sys-
tem[20]. However, largerandmorerealisticexamplesare
neededo fully assesshe usefulnes®f the programming
model.

8 Conclusion

We have presentedhe designof the XML Store,a peer

performance More inlining unfortunatelyalsodecreases to-peersystemfor storingXML documentsBy building

sharing:ldenticalsubtreesrestill sharedput theamount
of sharingis reducedpecausédenticalnodesthat previ-
ouslywould have beensharedcanbeinlined in different
contets. More researchis neededo determingheactual
impacton sharing.
Theexperimentslemonstratéhebenefitof thevalue-
orientedapproachwhen storing modificationsof docu-
ments.SavinganXML documentisingcorventionaltech-
nologies suchastext files, will taketimelinearin thesize
of the document.If insteadan XML documents saved
usingthe describedapproachthe time it takesto save a
documentwill belinearin the size of the changesmade
to the document.Table 3 shovs the resultsof saving the
XML documentThe Tragedyof Hamlet,Princeof Den-
mark” repeatedlyn the XML Store,aftermodifyingit in
variousways. Theexperimentwasconductedn thesame
testsetup.As canbe seenfrom theresults,it takessome
time to save the XML documentthe first time. Saving
the documentagain, after modifying it in variousways,

onthe Chordprotocol,the XML Storebecomescalable,
decentralisedself-oiganisingand provides somedegree
of loadbalancing.

When storing XML documentsve emplg a value-
orientedstoragestratgy and split up XML documents
accordingto their inherenttree structure. Eachsubdoc-
umentis considereda value and is storedseparatelyin
the distributed file system. This storagestrateyy offers
mary adwantageover corventionaltext basedtechnolo-
giessuchas SAX and DOM, the mostimportantbeing
the possibility to obtainandpresere sharingof identical
subdocumentsThe tree structuredstorageformat more-
over makeslazy loadingpossiblej.e. partsof adocument
canbe accessewvithout having to load andparsethe en-
tire document.The value-orientecapproachHurthermore
providessimplesolutionsto usuallycomplex problemsn
distributedsystemssuchastransactiorhandling,caching
andreplicationandit makesit easierto maintainsereral
versionsof adocument.



On top of the storageinfrastructurewe have built a
value-orientedAPI for processingKML documentsThe
API representsXML documentsas an object structure,
resemblingDOM, exceptthat all aspectof the API are
value-oriented- ary modificationsto a documentwill re-
sultin a new documentbeingbuilt, leaving the old doc-
umentunaltered. The API is arguablyasapplicableand
versatileasDOM, andgivesthe applicationprogrammer
afull rangeof operationdor readingandmodifying XML
documents.The versatility of the API hasbeendemon-
stratedby implementingan e-mail system modellingthe
usersfoldersandmessageasXML documents.

Our experimentsshav thatdueto the extensive shar
ing of subdocumentsnodificationof storeddocuments
is extremelyefficient comparedo storageusingtext files.
Only the changedpartsof a documentneedto be stored
—nottheentiredocumentsin the cornventionalserialisa-
tion of XML documents.

Thetechniquegresentedh this papermave thepoten-
tial to enablamary interestingdevelopmentsn theareaof
distributedsystemsaswell asXML processing.

9 Futurework

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

The currentXML Storeimplementationdoesnot in-
clude securityfeatures. However, in [20] we presentan
encryptionstratey, ContentHashEncryption thatmakes
it possibleto encryptvaluesand still maintainsharing,
therebypreventingunauthorisediserfrom readinghecon-
tentsof values.Furthermoreit is difficult to tamperwith
datathatresidesn the XML Storewithoutthetampering
being easily detectable. However, we still needto con-
sidersecuritymeasure$or preventingvandalism.

A moreadwancedorm of garbagecollectionthantimed
leaseds required,sothatvaluesthatarenolongerin use
canberemoved.

TheXML Storesystencouldbenefitfrom asearcta-
cility, thatallows a userto performdatabasetyle queries
or to retrieve a list of all documentscontainingone or
morekeywords.

XPathandXQueryareW3C standard$or expressing
databasstyle queries.With XPath,a setof nhodescanbe
selectedasednaregularpathexpression However, this
operationcanbevery expensveto performif we aredeal-
ing with a large XML documentandif the entire XML
documentasto bescannedo retrieve therelevantnodes.
To reducethe portion of datathat hasto be scannedijn-
dex schemeshave beenproposed. Currentresearchon
indexesfor semi-structuredlataincludesthe projectson
Dataguideq9], T-indexes[14] and TOXIN [15]. How-
ever, moreresearchn the areaof distributed indexesis

needed especiallyregarding whetheradwvantagescan be
gainedfrom the valueorientedapproach.
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