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Abstract

Managing multiple versions of XML documentgepre-
sentsan important problemfor manytraditional applica-
tions,sudh assoftwae configuationcontrol, aswell asnew
onessud aslink permanencef webdocumentsReseath
onmanajing multiveision XML documentseekgo provide
efficient and robust techniquesfor storing retrieving and
qgueryingsud documentsin this paper we presenta novel
appmoac to version mangiementthat achievestheseob-
jectivesby a schemebasedon Durable NodeNumbes and
timestampdor the elementsof XML documents.We first
presentefficient storage and retrieval techniquesfor mul-
tiversion documents. Then, we explore the indexing and
clusteringstrategies neededo assue efficient supportfor
comple querieson contentand on documengvolution.

1 Intr oduction

The managemenbf multiple versionsof XML docu-
mentsfinds importantapplicationg21] andposesnterest-
ing technicalchallenges.Indeed,the problemis important
for applicationdomains suchassoftwareconfigurationrand
cooperatre work, that have traditionally relied on version
managementAs theseapplicationanigrateto aweb-based
ervironment,they are increasinglyusing XML for repre-
sentingand exchanginginformation—oftenseekingstan-
dardvendorsupportedools andernvironmentsfor process-
ing andexchangingtheir XML documents.

Many new applicationsof versioningarealsoemepging
becausef theweb; a particularlyimportantand penasie
oneis assuringink permanencéor web documents.Any
URL becomingnvalid causeseriousproblemsfor all doc-
umentseferringto it—a problemthatis particularlysevere
for searchenginesthat risk directing millions of usersto
pagesthatno longerexist. Replacingthe old versionwith
a new one, at the samelocation, doesnot cure the prob-
lem completelysincethe new versionmight nolongercon-
tain the keywords usedin the search. The ideal solution
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is a versionmanagemensystemsupportingmultiple ver

sionsof the samedocumentwhile avoiding duplicatestor

ageof their sharedsegments For thisreasonprofessionally
manageditesandcontentproviderswill have to usedocu-
mentversioningsystemsfrequently webserviceproviders
will also supportsearchesand querieson their reposito-
ries of multiversiondocuments.Specialtywarehouseand

archivesthat monitor and collect contentfrom websitesof

interestwill alsorely on versioningto presere informa-

tion, track the history of downloadeddocumentsand sup-

portquerieson thesedocumentandtheir history[11].

Currentdocumentmanagemergystemsaisedn software
configurationsupportand other applicationsrely on two
versioningschemesRCS [18] and SCCS[16], discussed
next. The RCSschemes edit-based edit scriptsareused
to representlocumenthangesandto reconstrucdifferent
versionsncrementally ThusRCS[18] storeshe mostcur-
rentversionintactwhile previousversionsarestoredasre-
verseedit scripts. Thesescriptsdescribehow to go back-
wardin the documents developmenthistory. For ary ver
sion exceptthe currentone, extra processings neededo
applythereverseediting scriptto generatehe old version.
Ratherthanappendingersiondifferencesattheend,SCCS
[16] insertsediting operationsn the original (sourcecode)
documentindassociatea pair of timestampgversionids)
with eachdocumentsegmentto specifyits lifespan. Ver
sionsareretrievedfrom an SCCSfile via scanninghrough
thefile andretrieving valid segmentsbasedon their times-
tamps.

Varioustechniquedor versioninghave also beenpro-
posedby databaseesearchersho have focusedon prob-
lems such as transaction-timemanagemenbf temporal
database$13], supportfor versionsof CAD artifactsin
object-orienteddatabase§l5] and, more recently change
managemerfor semistructureéhformation[3].

In the past, the approachego versioning taken by
databassystemsanddocumenimanagemerntystemsave
often beendifferent,becausef the differentrequirements
facingthetwo applicationareasln fact:



e Databasesystemsare designedto supportcomplex
guerieswhile documenmanagemergystemsarenot,
and

e Databasesssumehat the orderof the objectsis not
significant—Mut the lexicographicalorder of the ob-
jectsin adocuments essentiato its reconstruction.

This stateof affairs hasbeenchangeddramaticallyby
XML that memgesapplicationsrequirementsandenabling
technologyfrom thetwo areasindeedthedifferencesnen-
tionedabove arefastdisappearingince:

e supportfor comple< querieson XML documentsis
critical. This is demonstratedby the amountof cur
rentresearcton this topic [17, 22] andtheemegence
of powerful XML querylanguage$?], and

e the structureand position of their objects(i.e., its el-
ements)s essentiafor XML documentsandmustbe
presered for browsing and various processingasks
performedontheweh Furthermoreguerieson XML
documentsnight make useof thisinformation.

In [4, 7], we extendedthe edit-basedepresentatiorf
RCS with an efficient clusteringscheme(the usefulness-
basedpage managemeny that clusterstogetherdatavalid
for thesameversion.This approachs very effective for re-
trieval of completeversionshut doesnot supportwell more
complex querieson XML documents. Preordertraversal
numbersareusedto identify the elementof the XML doc-
umentviewed asan orderedtree. While easyto compute,
thesenumbersionot providefor durablerefelencingby ex-
ternalindicessinceinsertionsanddeletionsn thedocument
changehepreordemumberof all theelementghatfollow.
However, numberingschemesave beenrecentlyproposed
for XML documentsthataredurablewith respecto docu-
mentchangeg$14, 10].

In this paperwe proposea new documentversioning
schemd&SPaR)that,while preservinghepagemanagement
approachof [4, 7], it doesaway with the edit-basedepre-
sentation Our schemausegimestampinganddurablenode
numbergo preserethestructureandthehistoryof thedoc-
umentduring its evolution. Furthermorethe new scheme
is conducve to efficient supportof both versionand con-
tent queries,using multiversionindexing techniques.The
restof the paperis organizedasfollows. The next section
summarizegprevious work while Section3 introducesthe
SPaRversioningschemeFull versionreconstructiorunder
thenew schemas describedn Sectiord andmorecomplex
gueriesarediscusseth Sectionb. Preliminaryperformance
resultsarepresentedh Section6 while conclusionandfur-
theropenproblemsappeain Section?.

2 Background
A new documentersion(V;41) is establishedby apply-
ing anumberof changegobjectinsertionsdeletionsor up-

dates)o thecurrentversion(V;). In atypical RCSscheme,
thesechangesrestoredn a(forwardor reverse)editscript.
Suchascriptcouldbegeneratedlirectly from the editcom-
mandsof a structurededitor, if onewasusedto revise the
XML documentln mostsituationshowever, the scriptwill
beobtainedoy applying,to thepair (V;, Vj41), astructured
diff packagg9].

For forward editing scripts,the RCS schemestoresthe
script and the datatogetheris successie pages. Thus, to
reconstrucwersion(V;) all pagesstoredby successie ver
sionsup to version(V;) mustberetrieved. The SCSStries
to improve the situationby keepinganindex thatidentifies
the pagesusedby eachversion.However, asthe document
evolves,documenibjectsvalid for a givenversioncanbe
dispersedn variousdisk pages. Sincea given pagemay
containvery few of the documenbbjectsfor the requested
version,mary more pagesnustbe accessedb reconstruct
aversion.

To solve theseproblems,in [4] we introducedan edit-
basedversioningschemethat (i) separateshe actualdoc-
umentdatafrom the edit script,and (ii) usesa usefulness-
basecclusteringschemdor pagemanagementBecausef
(i) thescriptis rathersmallandcanbe easilyaccessedThe
usefulness-basadusteringis similarto atechniquausedin
transaction-timelatabasefl2, 19, 1] for clusteringtempo-
ral data.

Page Usefulness. Considerthe actualdocumentobjects
and their organizationin disk pages. For simplicity, as-
sumethe only changedetweendocumentversionsare ob-
ject additionsand deletions(other documentchangesare
discussedhter). As objectsareaddedn thedocumentthey
are storedsequentiallyin pages. Objectdeletionsare not
physicalbut logical; the objectsremainin the pageswhere
they wererecordedput the scriptis updatedmarkingsuch
objectsas deleted. As the documentevolution proceeds,
variouspageswill containmary “deleted” objectsandfew,
if any, valid objectsfor thecurrentversion.Suchpageswill
provide few objectsfor reconstructinghe currentversion.
As aresult,a versionreconstructioralgorithmwill haveto
accessnary pagesldeally we would lik e to clusterthe ob-
jectsvalid atagivenversionin few, usefulpages We define
theusefulnessf afull pageP, for agivenversionV, asthe
percentagef the pagethatcorrespondso valid objectsfor
V.

For example,assumehatatversionV;, adocumenton-
sistsof five objectsOy, O, O3, O, andOy whoserecords
arestoredin datapageP. Let the sizeof theseobjectsbe
30%, 10%, 20%, 25% and 15% of the pagesize, respec-
tively. Considetthefollowing evolving historyfor this doc-
ument: At versionVs, O, is deleted;at versionVs, O3 is
deletedandatversionVy, objectOj is deleted Hencepage
P is 100%usefulfor versionV;. Its usefulnessalls to 90%



for versionVz, sinceobjectO, is deletedat V. Similarly,
P is 70% usefulfor versionVs. For versionVy, P is only
55%useful.

Clearly, asnew versionsare created,the usefulnesf
existing pagedor thecurrentversiondiminishes We would
lik e to maintaina minimumpageusefulnessl/, ., overall
versions.Thus,whenapages usefulnessalls below U,,;y,,
for the currentversion,all the recordsthatarestill valid in
this pagearecopied(i.e., sahaged)to anothermpage(while
preservingtheir order). The valueof U,,;, is setbetween
0 and1 andrepresentshe main performancgarameteof
our scheme. For instance,if U,,;, = 60%, thenpageP
falls below this thresholdof usefulnessit Version4; atthis
pointobjectsO,, andO4 arecopiedto anew page.

We notethatthe above pageusefulnessefinition holds
for full pages.A pageis calledanacceptor for aslong as
documentbbjectsare storedin this page. While beingthe
acceptorandthusnotyetfull), a pageis by definitionuse-
ful. Thisis neededsincean acceptopagemay not be full
but canstill containelementsalive for the currentversion.
Note that thereis always only oneacceptompage. After a
pagebecomedull (andstopsbeingtheacceptor)t remains
usefulonly aslongasit containsenoughalive elementgthe
Unmin parameter).

Reconstructinggivenversionis thenreducedo retriev-
ing only the usefulpagedor this version.Variousschemes
canbe usedto assurethat only useful pagesare retrieved
when reconstructinga version. The UBCC schemede-
scribedin [4] usesthe edit scriptto determinethe useful
pagedor eachversion—alongwith theorderin whichthese
pagesmustbe accessetb reconstructhe orderof thedoc-
ument. Techniquego keepthe edit script within a small
percentagef theactualdataarepresentedn [5].

While the UBCC schemas effective atthe storagdevel,
it is not effective with complex queriesand the transport
level (i.e., the web-basedexchangeof documents). A
refeence-basedchemewasthusintroducedin [7] which
facilitatesthe exchangeof multiversiondocumentsy rep-
resentingthe whole history of a documentas yet another
XML document.The reference-baseschemes alsocon-
ducive to efficient supportfor somequeriesbut not all; in
particular it doesnot supportthe path-epressionqueries
discussedhext.

A path-epressionquery is describedby a regular ex-
pressionon the documenttree. For example, the query
‘Find all figuresin chapter10 of thedocumentis supported
in XML querylanguageg2] by a specialpath-epression
notation: chapter[10]/ x /figure. Figuresmay be arny-
wherein the subtreerootedin the chapter[10] nodeof the
document.To answersuchqueriesefficiently (i.e., without
fully traversingdocumentsubtrees)a schemds neededo
quickly identify ancestoidescendantelationshipshetween
documentelements. A numberingschemeis proposedn

[14], wherebythe numberassignedo an elementremains
the sameeven thoughotherelementsareaddedor deleted
from the document. This is achieved by sortingthe nodes
asin the preordettraversal,but leaving spacebetweerthem
to make roomfor futureinsertions.
Suchadurablenumberingschemes advantageousince
it automaticallymaintainghedocumentreestructure. One
hasto maintainan orderedist with the nodedurablenum-
bers. Moreover it allows indexing variousdocumentele-
mentsin a persistentway. An interestingopen problem
is whetheran efficient versioningschemeexists for doc-
umentsthat use durablenumbers. In the next sectionwe
proposesucha schemeand discusshow complex queries
involving pathexpression®verversionscanbe addressed.

3 The SPaR Versioning Scheme

The new indexing schemerelies on assigningdurable
structure-encodingD numbergo the elementof the doc-
ument[14]. An XML documents viewed as an ordered
tree, where the tree nodescorrespond¢o documentele-
ments(and the two termswill be usedas synoryms). A
preordettraversalnumbercanthenidentify uniquelytheel-
ementsof the XML tree. While this is easyto compute,jt
doesnot provide a durable refelencefor externalindexes
and other objectsthat needto point to the documentele-
ment, since insertionsand deletionsnormally changethe
preordemumbersof the documentelementsvhich follow.
Instead we needdurablenodelDs that canbe usedassta-
ble referencesn indexing the elementsandwill alsoallow
the decompositiorof the documentsn several linkedfiles
[14]. FurthermorethesedurablelDs mustalso describe
the position of the elementin the original document—a
requirementot typically found for IDs in object-oriented
databases.

3.1 The Numbering Scheme

The SRaR (SparsePreorderand Range) numbering
schemeconsistof (1) a Durable Node Number(DNN)
and(2) a Range. TheDNN establishethesametotal order
on the elementsf the documentasthe preordertraversal,
but, ratherthanusingconsecutie integers,leavesasmuch
aninterval betweemodesaspossiblethusDNN is asparse
numberingschemehatpreseresthe lexicographicalorder
of thedocumentlements.

The secondelementin the SPaR schemeis the Range.
This was proposedn [14] asa mechanisnfor supporting
efficiently path expressionqueries For instance,a docu-
mentmight have chapterelementsandfigure elementson-
tainedin suchchaptersThus,atypical querymightbe‘Re-
trieveall titles underchapterelements’ Recentlyproposed
XML querylanguage$2] provide aspecialpathexpression
to supportthesequeries asfollows:

doc/chapter/ * /figure



Let dnn(E) and range(E) denotethe DNN and the
rangeof a given elementE; thena node B is descendant
of anodeA ! iff:

dnn(A) < dnn(B) < dnn(A) + range(A).

Therefore theinterval [dnn(X), dnn(X) + range(X)] is
associateavith elementX. Whenthe elementsn the doc-
umentareupdatedtheir SPFaRnumbersemainunchanged.
Whennew elementsareinserted they areassigneca DNN
and a rangethat do not interfere with the SPaR of their
neighbors—actuallywe wantto maintainsparsityby keep-
ing theintervalsof nearbynodesasfar apartaspossible.

Considertwo consecutte documentelementsX and Z
wherednn(X) < dnn(Z). ThenelementZ caneitherbe
(i) thefirst child of X, (ii) thenext sibling of X, or (iii) the
next sibling of an elementK who is an ancestoof X. If
a new elementY is insertedbetweenelementsX and Z,
it cansimilarly be thefirst child of X, the next sibling of
X or the next sibling of oneof X's ancestorsFor eachof
thesethreecasesthe locationof Z createghreesubcases,
for a total of nine possibilities. For simplicity we discuss
theinsertionof Y asthe first child of X andconsiderthe
possibldocationsfor elementZ (theothercasesretreated
similarly). Thenwe have that:

1. Z becomeshefirst child of Y. In this casethefollow-
ing conditionsshouldhold: dnn(X) < dnn(Y) <
dnn(Z) and dnn(Z) + range(Z) < dnn(Y) +
range(Y) < dnn(X) + range(X).

2. Z becomeghenext sibling of Y underX. Theinter-
val of new elementY” is insertedin the middle of the
empty interval betweendnn(X) and dnn(Z) (thus,
the conditionsdnn(X) < dnn(Y) anddnn(Y) +
range(Y) < dnn(Z) musthold).

3. Z becomeghe next sibling of anancestoof Y. Then
elementY is “covered” by elementX which implies
that: dnn(X) < dnn(Y) anddnn(Y) + range(Y) <
dnn(X) + range(X).

Our insertionschemeassumeshat an emptyinterval is
at handfor every new elementbeinginserted. Whenin-
tegersare used,range overflow may occur occasionally
thus, SPaR reassignmentsight be neededto assurethis
property A bettersolutionis to use floating point num-
bers with variable length where additional decimal dig-
its can be addedas neededfor new insertions. For in-
stancelet elementsX andZ besiblings,with: dnn(X) +
range(X) = .22 anddnn(Z) = .23. If elementY” is to be
insertedoetweenX andZ, we cansetdnn(Y) = .222 and
range(Y’) = .006 since:

dnn(X) + range(X) = 22 < dnn(Y) = .222 <

LIf the preordertraversalnumberis usedas DNN, thenrange(A) is
equalto thenumberof descendantsf A.
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Figure 1. An XML document version repre-
sented in the SPaR model.

dnn(Y) + range(Y) = .228 < dnn(Z) = .23

Neverthelessfor simplicity of exposition,in the following
exampleswe useinteger SRaRs.

Figure 1 shovs a sampleXML documentwith its SPaR
values. Theroot elementis assignedange[1,2100]. That
rangeis split into five sub-ranges— [1,199], [200,1200],
[1201,1299],[1300,2000],and[2001,2100]for its two di-
rect child elementsCH A and CH C, andthreeinsertion
points,beforeCH A, afterCH A andbeforeCH C andafter
CH C. Therangeassignedo eachof thesechapterelement
continuesto be split andassignedo their direct child ele-
mentsuntil leaf elementaremet.

The SPaR numberingschememalesit possibleto use
timestampdo managechangesn boththe contentandthe
structureof documents. In the next section,we describe
a nev modelwhich usesSPFaR valuesand timestampgo
manageXML documentersions.

3.2 The Version Model

Therecordof eachXML documentlementis extended
with the elements SPaR and the elements lifespan. The
lifespanis describedoy two timestamps(Vsiort, Vend)—
where Viiqr¢ 1S the versionwherethe elementis created
andV,,q is the versionwherethe elementis deleted. An
elementis called“alive” for all versionsin its lifespan. If
anelements insertedin the currentversion,its V.4 value
is yet unknavn andis representedby variablenow. This
variablecorrespondso the ever increasingcurrentversion
(asperthe standarchotionfrom temporaldatabaseg8]).

Adding a New Version The elementsof the initial ver
sionarestoredin new datapagesy theirdocumen{DNN)
order We then assumethat successie versionsare de-
scribedwith respectto the last versionby an edit script
generateddy the structuredXML editor usedto generate
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Figure 2. The Repositor y for Version 2.

the new version,or otherwiseby a packagethat computes
the structureddiff betweenthe two documents.Then, the
following operationsareperformedwhenin versionVy we
deletejnsertor updateanelement:

e DELETE — Updatethe V,,, timestampof the
deletedelementand all its descendantas expired at
VersionVy. Freethe S PaR rangeof deletedelements
for reuse.

e INSERT — Createarecordfor thenew elementand
initialize its lifespanto (V, now). Assignanunused
rangeto the new elementbasedn theweightedrange
allocationalgorithm. The recordis storedin the cur-
rentacceptopage.

e UPDATFE — UpdatetheV,,,4 timestampof the up-
datedelementasexpiredat VersionVy. Createa new
recordand initialize its lifespanto (Vi,now). The
new recordshouldkeepthe sameS PaR values(since
the position of the updatedelementin the document
did notchange).

Additional operations,suchas MOV E elementsand
COPY elementzanbereducedo theabove.

Usefulness-BasedCopying. Wheneer a pagefalls be-
low the U,,;» usefulnesdevel all its alive elementsare
copiedto anew page,n theorderestablishedy their SPaR
values.All copiedelementgpreseretheir SPaRvalues but
aregivena new lifespan,asif they wereupdated—infact,
copying canbe treatedas an updatewherethe nev SPaR
valuesare the sameas the old ones. Note that the delta
elementdor eachnew version(i.e., the newly insertedele-
mentsaswell asthe copiedelementsiueto usefulnessare
storedin pagesby increasingddNN values.

Example. Elementsof theinitial version(Versionl), are
storedwith their S PaR rangeandlifespanin pagesP1,P2
andP3asshovnin Figurel. We have assumedthatthesizes
of documentobjects,BOOK, CH A, attribute AUTHOR,

SECE, FIGURE B, SECF, PCDATA of SECF, FIGURE
H, CH C, SECI, FIGURE J, and PCDATA of CH C are
50%, 25%, 10%, 15%, 5%, 30%, 35%, 30%, 5%, 10%,
5%, and80% of adatapagesize,respectiely. Assumethat
we want to maintaina minimum pageusefulnesf 70%.
ThenpagesP1,P2andP3arewell above the thresholdfor
Versionl.

Assume that Version 2 is createdby the following
changes:

(deleteAUTHOR),(updatePCDATA of SECF), (deleteFIGURE
H), (insertCH K after CH A), (deletePCDATA of CH C), (insert
SECM)

Let the sizesof the new PCDATA of SECF, CHK and
SECM be20%,45%,and50% of a datapagesize,respec-
tively. Hence thelogical orderof objectsin version2 are:
BOOK, CH A, SECE, FIGURE B, SECF, new PCDATA
of SECF, CH K, CH C, SECI, FIGURE J, and SECM.
After applyingthesechangesPageP1become®0%useful
(AUTHOR s deletedfor version2), pageP2becomes85%
useful (sincethe old PCDATA for SECF and FIGUREH
arenot part of Version2) and pageP3 becomes20% use-
ful becausef the deletionof the PCDATA of CH C. Then,
paged2andP3areuselesgor thesecondrersionand,thus,
valid objectsin P2andP3arecopiedinto a new datapage.
Copiedobjectsinclude FIGURE B, SECF, CH C, SECI,
andFIGUREJ.

After determining which objects need copying, the
copiedobjectsare insertedinto new pagestogetherwith
new objects(new PCDATA of SECF, CH K, andSECM)
in theirlogical DNN orderasshowvn in Figure?2.

4 Full Version Reconstruction

Reconstructinga given documentversion consistsof
threetasks: (1) identifying the useful pagesfor the given
version,(2) orderingthe elementsaccordingto their SPaR
numberand(3) reconstructinghe ordered-treastructureof
thedocument.

Identifying the Useful Pages. The notion of usefulness
associatesvith eachpagea usefulnessnterval. This in-
tenval hasalsothe form of (Viiart, Vend), Where Vigart is
the versionwhen the page becameacceptorand V4 is
the versionwhen the pagebecamenon-useful. As with
the elementrecords,a pageusefulnessnterval is initiated
as(Vsiart, now) andlaterupdatedat V,,,4. Identifying the
datapageghatwereusefulin V; is thenequwalentto find-
ing which pageshave intervals that containV;. This prob-
lem hasbeensolved in temporaldatabaseswith an access
methodcalledthe Snapshotndex [19]. Thisapproachuses
adoubly-linkedlist L andanarray A asdescribechext.

List L is initiated with a specialrecordS which always
remainsat the top of thelist andis neverremoved. Let ipr



Version# 1 2 3 4 5 6 7 8
S

A

10

v Yo

G

He 5

lpr

List L

@D @
@D G @D

7 \A

Figure 3. Snapshot Index.

be a pointerpointingto theendof L. Initially Ipr pointsto
S. Whenpagep becomesacceptorat versionV; arecord
of theform (p, (V;, now)) is addedattheendof L andlpr
pointsto this new record. Similarly, recordsare addedat
theendof thelist for eachacceptopage.Whenpagep be-
comemon-usefulthreeactionsaretaken: (i) theusefulness
interval of p's recordis updated(ii) therecordis taken off
the list and (iii) it is assignedasthe next child underthe
recordthatwasbeforep in thelist.

Theabove procedurereates structurethathastheform
of treesrootedin recordsthat are still locatedin list L
(the access forest). The accesdoresthasthe following
properties([19]): (1) For eachversion,list L containsthe
useful pagesin this version. (2) In eachtreein the ac-
cessforest, the Vy;,,; fields arein preorder (3) The use-
fulnessinterval of a parentrecordcontainsall the useful-
nessntervalsof therecordsin its subtree (4) Theintervals
(Vi,V;) and(Vi41, Vj41) of two consecutre recordsunder
the sameparentmay have one of the following orderings:
Vi < V; < Vigr < Vjpr,0nVy < Vi <V < Vg
Figure 3 presentghe usefulnessntervalsfor variouspages
andthe correspondingccesgorestcreatedhroughlist L.
The currentversionis version10. SinceS wasin the list
beforeary otherrecordiits intervalis (0, now). Usingthese
propertiesthe pageausefulat a givenversioncanbe easily
identified.

The array A stores,for eachversion, a pointer to the
recordof the lastacceptompageusedby this version. That
is, array recordshave the form: (version — id, pointer).
Array A is incrementallyupdatedandis easilymaintained
(usingfor examplea B+-treeon the versionnumbers).

GivenaversionV;, we identify from array A therecord,
sayz;, in the accesdorestwherethe searchstarts. Since
x; correspondg$o an acceptorpage,it wasusefulfor ver-
sionV;. Thenall the recordsin the pathfrom z; to aroot
(arecordthatis still in L) correspondalsoto usefulpages

in versionV;. For eachusefulrecord,oneneedsto check
whetherits left sibling andits rightmostchild recordsare
useful(i.e., they identify usefulpages) Thesearctproceeds
similarly and stopswhen non-usefulrecordsare reached.
For example to find theusefulpagesat version7 we check
therecordsof E, D, C,S and A. Note thatthis algorithm
checksat mosttwo non-usefulrecordsfor eachusefulone.
If therewerew; useful pagesin versionV;, the algorithm
identifiesthemin O(u;) stepsthroughthe accessforest.
Searchinghrougharray A needsan additionallogarithmic
effort (onthe numberof versions).

Ordering the Elements. The useful pagescontainthe
alive elementrecordsfor versionV;. To ordertheserecords
(task?2) a straightforvardapproachs to performasortover
all usefulpages.This however mayrequirereadingvarious
useful pagesmary times, especiallywhennot all of them
canfit in main memory A bettersolution, describedbe-
low, usesthe fact that the deltarecordsfor eachversion,
andthe pagescontainingtheserecordsare alreadystored
by increasingSPaR DNN numbersasshowvn in Figure2.
Importantfor eachpageis to retainthe version(s)that
wrote (added)elementsto it. For simplicity assumethat
eachpageis written by asingleversion(the pages creator
version). In this case the creatorversionof pagep is the
Vstart Of the p’s usefulnessnterval. Sincea givenversion
may write mary pages,p alsoretainsthe positionit had
amongall pageswritten by p's creatorversion. Let V,(7)
be the set of creatorversionsfor the useful pagesin ver
sionV;. For eachversionin V(i) we build anorderediist
with the subsebf theu; pageghis versionwrote. To order
thealive elementsn versionV;, we simply retrieve thefirst
pagefrom eachlist andstartorderingtheelementsn asort-
meigeapproach Assumingthatthereis enoughmemoryto
hold one pageperlist, this schemesortsall alive elements
in V; by readingeachuseful pageonly once. Otherwise,
standardxternalsortingtechniqguesanbe used.

Reconstructing the Document Structure. To recon-
structthe ordered-treestructurefrom an orderedlist of el-
ements(task 3) we needto determinetwo relationships
amongelements2) parent-childrelation,and?2) sibling or-
der. This canbe easilydoneby usingthe SPaRrangesand
a backward ancestorstack. We usethe stackto record
the backwardancestotist. If the next elements a child of
the currentonethis is pushednto the stack;otherwise the
stackis usedto locateits parentelementby comparingits
DNN with the SPaRrangeof theelementsn thestack.The
algorithmis shavn in Figure4.

5 Support for Complex Queries

In addition to whole version reconstruction, other
gueriesare important. For example,from versionV;, we



Ver si onReconst ructi on( SORTED_LI ST) {
Initialize ANCESTOR _STACK as enpty;
Assign the first el ement of SORTED LI ST as ROOT
and renove it from SORTED LI ST;
Push ROOT into ANCESTOR STACK;
current_node = ROCT;
For (each elenent,E in SORTED_LIST from the begi nni ng)

if (SPaR(current_node) contains SPaR(E))
Insert E as the first di-
rect child of current_node;
Push E into the ANCESTOR_STACK;
el se {
do {
Pop the top el enent, A from ANCESTOR STACK and
conpare SPaR(A) with SPaR(E);
if (SPaR(A) contains SPaR(E)) {
Insert E as the next direct child of A
Push A back into ANCESTOR_STACK;
Push E into the path_stack

}
} while (the parent of Ais found);

Set E as the current_node for the next run;
Figure 4. Version reconstruction algorithm.

mayjustwantto retrieve theabstractpr theconclusionsec-
tion, or thedocumensggmentfrom thefifth chaptettill the
tenthchapter Similarly, we may needthe secondthrough
the sixth subsectionaunderthe fourth sectionof chapter
tenin versionV;. A completepathin the documenttree
is provided in all thesequeries. Yet, mary other useful
gueriesusea regularexpressiorto specifya patternfor the
path,ratherthangiving the completepath. For example,an
expressionsuchasversion[i]/chapter[10]/ * /figure
might be usedto find all figuresin chapterl0 of versionV;
(or, symmetrically the chapterthat containsa given figure
in versionV;). To supportthesequeriesefficiently, addi-
tional indicesare neededasdiscussedext. Sincewe as-
sumedhatthe actualelementrecordsareorganizedn data
pagesusing the pageusefulnes<lusteringscheme these
new indiceswill be dense: for eachindexed element,a
pointerto the elements positionin the datapagess main-
tained.(In contrastthe Snapshotndex is a sparsendex.)

Main Documentindex. ConsideraB+-treeindexing the

elementDNNSs in the first versionof a document. Each
elementis storedin this B+-treeasa recordthat contains
the elementID, tag, SPaR DNN (andrange)aswell asa

pointer to the data pagethat containsthe actual data of

this element. Such B+-tree facilitatesinterestingqueries
on the documents first version. For example,if we know

the SPaR rangeof chapter10wve canfind all documentel-

ementsin this chapter(a rangesearch). As the document
evolvesthroughversionsnew elementsareadded updated
or deletedfrom this list. Thesechangescan updatethe

above B+-treeusingthe elementDNNSs. In orderto answer
SPaR rangequeriesover a multiversiondocument(for ex-

ample:’find theelementsn versionV; with DNNsin range
(z,y)"), we needto maintainthe multiple versionsof this

B+-tree.

VariousmultiversionB+-tree structureshave beenpro-
posed[12, 1, 20]. Here we usethe MultiversionB-tree
(MVBT) [1] which hasoptimalasymptotidbehaior andits
codewasreadily available. The MVBT hasthe form of a
directedgraphwith multiple roots. Associatedwith each
root is a consecutie versioninterval. A root providesac-
cessto the portion of the structurevalid for the root’s ver-
sioninterval. While conceptuallythe MVBT maintainsall
versionsof a given B+-tree, it doesnot storesnapshot®f
theseversions,since this would require large space. In-
stead,portionsof the treethat remainunchangedhrough
versionsare sharedbetweenmary versions. The MVBT
usesalsoa notionof pageusefulnessrecordsthatarealive
for mary versionsarecopiedwhenapagegetsbelor ause-
fulnessthreshold . However, the pagesplitsaremoreelabo-
ratethanin the Snapshotndex, sincethe MVBT maintains
alsothe orderamongall elementsalive in a givenversion.
As aresult,eachnew pagein the MVBT needso allocate
somefree spacefor future elementghat may be addedin
this page.

For a B+-treeevolutionwith n changesthe MVBT uses
O(n/B) space.Updatingan elementiakesO(loggn;/B),
wheren; is the numberof elementsn the currentversion.
A queryrequestinghe elementsin rangeR from version
Vi isansweredn O(loggn/B + r/B) 1/0’s,wherer is the
numberof elementssersionV; hadin rangeR.

We usethe MVBT to index all elementrecordsof the
documenteachsuchrecordpointsto the pagethatcontains
the elements data. In the restwe will referto this index
asall_MVBT. Theindex assumeshatthe SPaR DNNs are
available. However, SFaR numbersareinvisible to theuser
who expressesgjueriesn termsof documentagnamegab-
stract,chaptey etc.). Therefore,given a tag anda version
number the DNN of this tagin the given versionmustbe
identified.

We classifythe documentagsaseitherlist tagsor indi-
vidual tags. Individual tagscanonly occura smallnumber
of timesin the document—typicallyonly once,suchasthe
abstractaindthe conclusionsection.ln somecasesindivid-
ual tagsoccura few timesin a document(e.g., we might
have an addresdag for both senderand recever). How-
ever, list tags, suchas chapterssections(and all the tags
underthem), canoccuran unlimited numberof timesin a
document.For individual tags,the SPaR numberinforma-
tion canbe easily maintainedand accessed.Considerfor
examplea queryaskingfor the abstracin version10. As-
sumethat underthe abstracttag, the documentcontainsa
subtreethat maintainsthe abstractext, anda list of index
terms. While the abstractSPaR remainedunchangedthe
subtreeunderthe abstractag may have changed.Thatis,
the abstracttext and the index termscould have changed
betweenversions. To answerthe above query we simply
performarangesearchusingtheabstract SRaRrange)on
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Figure 5. Index organization.

theall_MVBT for version10.

Element Indices. Determiningthe SPaR numbersof list
tagsis morecomplex. Thisis because new tag addedin
the list affects the position of all tagsthat follow it. For
example,addinga new chapterafter the first chapterin a
documentmakesthe previously secondthird,..,chapterdo
becomethird, fourth etc. Henceto identify the DNN of the
tenthchaptetin version20,we needto maintainthe ordered
list of chapterDNNs. Sucha list canalsobe maintained
usingaMVBT thatindexesthe SPARDNN of chapter tags
(the ch_.MVBT). We alsomaintainone MVBT per list tag
in the document(for example,secMVBT indexesall doc-
umentsectionswhile fig_MVBT indexesall figures.) The
denseindex architectureis illustratedin Figure5. At the
bottom level, the datapagesorganizedby the usefulness
pageclusteringare shavn (the structuresof the Snapshot
Index is not showvn). Hereeachpagehasa usefulnessn-
ternval and containsthreeelementrecords.Eachrecordhas
its tag, SPaRrange lifespananddata(not shovn). Records
in MVBT leaf pagescontainpointersto the datapages.An
MVBT leaf pagecontainsmore recordsthan a datapage
sincethelatter storeshe elementdataaswell.

Below we provide variousqueryexamplesanddescribe
how to usethevariousindicesin answeringhemefficiently.
Thislist is arepresentatie of thevariousquerieghatcanbe

easilyaddressethroughourindex organization.

Structural Projection—  Projectthe part of thedocument
betweerthe secondandthefifth chaptesin version 20. To
answetthis querywe first accesshe ch_.MVBT andretrieve
the orderedlist of chapterDNNs asit wasin version20.
Fromthislist we identify the SRaR rangebetweerchapters
2 and5. With this SPaR rangewe performa rangesearch
for version20 in the all_MVBT. This searchwill identify
all elementsvith DNNSs insidethis range. Fromthe SFaR
propertiesall suchelementsarebetweerchapter and5.

Regular Path Expression— Find all sectionsunderthe
third chapterin version10. Wefirstidentify the SPaRrange
of thethird chapterin version10 from ch_.MVBT. With this
SPaRrangewe performarangesearchin thesecMVBT for
version10. Only the sectionsunderthe third chapterwill
have SPaR numbersn thegivenrange.

As anotherexample,considerthe query: find the chap-
ter that containsfigure 10 in version 5. To answerthis
querywe first identify the DNN of the tenthfigure in ver-
sion5 from fig_MVBT. Usingthis SPaRwe performasearch
in ch_.MVBT for version5. According to the properties
of the SRaR numberingschemewe find the chapterwith
the largestSPaR amongthe chaptersdeforethe figure,and
checkthatits SPaRrangecontainsthat of thefigure.



Parent-ChildExpression— For version10,retrieveall ti-

tles directly under chapterelements.Using the ch.MVBT
we identify the chapter elementsalive in version10. For

eachchapter, its SPaRrangevalueis usedto locateall title

elementsunderit in version 10 throughthe title_MVBT.

Then,the level numberof locatedtitles arecomparedvith

that of the chapterelementto determinetheir parent-child
relationship.

VersionSelection— Retrieveversionshetweeri0and15.
The full versionreconstructioralgorithm can be usedfor
version-ranges.The algorithmwill startfrom version15
andwork backwardsuntil version10.

Queryon Diff— Retrievethedifferencebetweerversions
Var andVy, . Basically thedifferenceis the unionof in-
sertecelementanddeletecelementsinsertedelementsare
thoseelementswvhosecreationtime is versionVys41 and
deletedelementsarethoseelementsvhoselifespanendsby
V. Versionquerieswith predicaten the elementlifes-
panscanbeusedto retrieve thesetwo typesof elements.

6 PerformanceResults

We reportpreliminaryexperimentaresultson the useof
the usefulness-basedustering. We useda documentevo-
lution with 100 versions. For simplicity, in this evolution
eachversionhasapproximatelythe samesize (about100
pages). Eachversionchangesabout20% from the previ-
ousversion;half of thechangesreinsertionsandthe other
half aredeletions.Changesreuniformly andrandomlydis-
tributedamongdatapages.The Uy, is setto 50% while
thepagesizeis 4K bytes.We comparehe SFaR dataorga-
nization,the UBCC edit-scriptapproacH4], the RCSand
an extremeapproachthat storesthe full copy of eachver-
sion. The SPaR and UBCC both usethe usefulness-based
clustering. The differenceis that UBCC relieson the edit
scriptfor identifying the usefulpageswhile the SPaR uses
timestampsandthe accesdorest. For eachmethodwe ob-
senedthefull versionretrieval costandthespaceconsump-
tion (Figure6).

The retrieval costis measuredas the numberof page
I/O’s neededo reconstruct full version. Obviously, the
approachthat storescompleteversionshas the minimum
versionretrieval cost, but alsothe maximumstoragecost,
sinceeachversionis storedin its entiretyon disk. Symmet-
rically, the RCSschemerequiresthe leaststorage(no use-
fulnesshasedcopyingis performed)ut hasthelargestaver-
ageretrieval cost. Theusefulness-basetheme¢SPaRand
UBCC) trade-of betweenthesetwo extremes. The aver
ageretrieval costfor theusefulness-basesthemesemains
linearin the size of the reconstructedrersionby a coefi-
cientthatis controlledby U,,;». Sincein this experiment,
the averageversionsize was kept to about100 pagesand

Unmin = 50% theretrieval costis approximatelyparallelto
the horizontalaxis (betweernl30and150pages).

When comparingSPaR and UBCC, the SPaR scheme
providessomeimprovementin retrieval time (about10%)
andmoreimprovementin storage.The mainreasons that
theSPaRschemaloesnotneedtheeditscript. Sincetheac-
cessforestusesonerecordperdatapageused,its structure
is rathersmallwhencomparedvith the edit script. Never
thelessthe UBCC schemds morerobustsinceit doesnot
needDNNSs.

7 Conclusions

Versioningschemegor XML documentglay animpor-
tantrolein themanagementf webbasednformation. Tra-
ditional text versioningtechniqguesuchasRCSandSCCS
arenotefficientfor XML documentersioning.Hencethere
is aneedfor new andimprovedtechniqueshataremoreef-
fective atthe physicallevel andthelogical level.

For the physicallevel, we have useda pageclustering
techniquefrom temporaldatabasew tradeoff storageeffi-
ciengy with retrieval efficiency andoptimizetheoverall per
formance.Thenwe have concentrate@n supportfor com-
plex queriesincluding querieson versioncontent,queries
involving the structureof the XML documente.g.,pathex-
pressiormgueries) andtemporalquerieson the evolution of
the document.We useda durablenodenumberingscheme
that combinedwith indexing techniquessuchas multiver-
sion B-trees,cansupportwell thesethreekinds of queries.
Other interesting problems, such as the optimization of
gueriesthat combinethesethree different kinds of quali-
fications,performanceomparisorof alternatve versioning
schemesandgeneralizatiorof XML querylanguageso de-
terminedocumentevolution, will be the topic of futurein-
vestigation.Indeedthe problemof managingandquerying
multiversionXML documentgpresentsnary interestinge-
searchchallengedor databaseandweb-basednformation
systemf the future.
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