
Storing and Querying Multi versionXML Documents
using Durable NodeNumbers

Shu-YaoChien
Dept.of CS

UCLA
csy@cs.ucla.edu

VassilisJ.Tsotras
Dept.of CS&E
UC Riverside

tsotras@cs.ucr.edu

CarloZaniolo
Dept.of CS

UCLA
zaniolo@cs.ucla.edu

DonghuiZhang
Dept.of CS&E
UC Riverside

donghui@cs.ucr.edu

Abstract

Managing multiple versionsof XML documentsrepre-
sentsan important problemfor manytraditional applica-
tions,such assoftwareconfigurationcontrol, aswell asnew
ones,such aslink permanenceof webdocuments.Research
onmanagingmultiversionXML documentsseeksto provide
efficient and robust techniquesfor storing, retrieving and
queryingsuch documents.In this paper, wepresenta novel
approach to version managementthat achievestheseob-
jectivesby a schemebasedon DurableNodeNumbers and
timestampsfor the elementsof XML documents.We first
presentefficient storage and retrieval techniquesfor mul-
tiversion documents.Then, we explore the indexing and
clusteringstrategiesneededto assure efficient supportfor
complex querieson contentandon documentevolution.

1 Intr oduction
The managementof multiple versionsof XML docu-

mentsfinds importantapplications[21] andposesinterest-
ing technicalchallenges.Indeed,the problemis important
for applicationdomains,suchassoftwareconfigurationand
cooperative work, that have traditionally relied on version
management.As theseapplicationsmigrateto aweb-based
environment,they are increasinglyusing XML for repre-
sentingand exchanginginformation—oftenseekingstan-
dardvendor-supportedtoolsandenvironmentsfor process-
ing andexchangingtheirXML documents.

Many new applicationsof versioningarealsoemerging
becauseof theweb; a particularlyimportantandpervasive
oneis assuringlink permanencefor web documents.Any
URL becominginvalid causesseriousproblemsfor all doc-
umentsreferringto 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-
lemcompletely, sincethenew versionmightno longercon-
tain the keywords usedin the search. The ideal solution

is a versionmanagementsystemsupportingmultiple ver-
sionsof thesamedocument,while avoiding duplicatestor-
ageof theirsharedsegments.For thisreason,professionally
managedsitesandcontentproviderswill have to usedocu-
mentversioningsystems;frequently, webserviceproviders
will also supportsearchesand querieson their reposito-
riesof multiversiondocuments.Specialtywarehousesand
archivesthatmonitor andcollect contentfrom websitesof
interestwill also rely on versioningto preserve informa-
tion, track the historyof downloadeddocuments,andsup-
portquerieson thesedocumentsandtheir history[11].

Currentdocumentmanagementsystemsusedin software
configurationsupportand other applicationsrely on two
versioningschemes,RCS [18] and SCCS[16], discussed
next. TheRCSschemeis edit-based: edit scriptsareused
to representdocumentchangesandto reconstructdifferent
versionsincrementally. ThusRCS[18] storesthemostcur-
rentversionintactwhile previousversionsarestoredasre-
verseedit scripts. Thesescriptsdescribehow to go back-
ward in the document’s developmenthistory. For any ver-
sion except the currentone,extra processingis neededto
apply thereverseeditingscript to generatetheold version.
Ratherthanappendingversiondifferencesat theend,SCCS
[16] insertseditingoperationsin theoriginal (sourcecode)
documentandassociatesa pair of timestamps(versionids)
with eachdocumentsegmentto specify its lifespan. Ver-
sionsareretrievedfrom anSCCSfile via scanningthrough
thefile andretrieving valid segmentsbasedon their times-
tamps.

Various techniquesfor versioninghave also beenpro-
posedby databaseresearcherswho have focusedon prob-
lems such as transaction-timemanagementof temporal
databases[13], support for versionsof CAD artifacts in
object-orienteddatabases[15] and,more recently, change
managementfor semistructuredinformation[3].

In the past, the approachesto versioning taken by
databasesystemsanddocumentmanagementsystemshave
often beendifferent,becauseof the differentrequirements
facingthetwo applicationareas.In fact:



� Databasesystemsare designedto support complex
queries,while documentmanagementsystemsarenot,
and� Databasesassumethat the orderof the objectsis not
significant—but the lexicographicalorder of the ob-
jectsin a documentis essentialto its reconstruction.

This stateof affairs hasbeenchangeddramaticallyby
XML that mergesapplications,requirementsandenabling
technologyfrom thetwo areas.Indeedthedifferencesmen-
tionedabovearefastdisappearingsince:� supportfor complex querieson XML documentsis

critical. This is demonstratedby the amountof cur-
rentresearchon this topic [17, 22] andtheemergence
of powerful XML querylanguages[2], and� the structureandpositionof their objects(i.e., its el-
ements)is essentialfor XML documentsandmustbe
preserved for browsing and variousprocessingtasks
performedon theweb. Furthermore,querieson XML
documentsmight makeuseof this information.

In [4, 7], we extendedthe edit-basedrepresentationof
RCS with an efficient clusteringscheme(the usefulness-
basedpage management) that clusterstogetherdatavalid
for thesameversion.Thisapproachis veryeffectivefor re-
trieval of completeversionsbut doesnot supportwell more
complex querieson XML documents. Preordertraversal
numbersareusedto identify theelementsof theXML doc-
umentviewed asan orderedtree. While easyto compute,
thesenumbersdonotprovidefor durablereferencingby ex-
ternalindicessinceinsertionsanddeletionsin thedocument
changethepreordernumbersof all theelementsthatfollow.
However, numberingschemeshavebeenrecentlyproposed
for XML documents,thataredurablewith respectto docu-
mentchanges[14, 10].

In this paperwe proposea new documentversioning
scheme(SPaR)that,while preservingthepagemanagement
approachof [4, 7], it doesaway with the edit-basedrepre-
sentation.Ourschemeusestimestampinganddurablenode
numbersto preservethestructureandthehistoryof thedoc-
umentduring its evolution. Furthermore,the new scheme
is conducive to efficient supportof both versionandcon-
tent queries,usingmultiversionindexing techniques.The
restof the paperis organizedasfollows. The next section
summarizesprevious work while Section3 introducesthe
SPaRversioningscheme.Full versionreconstructionunder
thenew schemeis describedin Section4 andmorecomplex
queriesarediscussedin Section5. Preliminaryperformance
resultsarepresentedin Section6 while conclusionsandfur-
theropenproblemsappearin Section7.

2 Background
A new documentversion(

�������
) is establishedby apply-

ing anumberof changes(objectinsertions,deletionsor up-

dates)to thecurrentversion(
���

). In a typical RCSscheme,
thesechangesarestoredin a(forwardor reverse)editscript.
Suchascriptcouldbegenerateddirectly from theeditcom-
mandsof a structurededitor, if onewasusedto revise the
XML document.In mostsituations,however, thescriptwill
beobtainedby applying,to thepair � � �
	 � �������

, astructured
diff package[9].

For forward editing scripts,the RCSschemestoresthe
script and the datatogetheris successive pages. Thus, to
reconstructversion(

�
�
) all pagesstoredby successive ver-

sionsup to version(
�
�

) mustberetrieved. TheSCSStries
to improve thesituationby keepinganindex that identifies
thepagesusedby eachversion.However, asthedocument
evolves,documentobjectsvalid for a givenversioncanbe
dispersedin variousdisk pages. Sincea given pagemay
containvery few of thedocumentobjectsfor therequested
version,many morepagesmustbeaccessedto reconstruct
aversion.

To solve theseproblems,in [4] we introducedan edit-
basedversioningschemethat (i) separatesthe actualdoc-
umentdatafrom the edit script,and(ii) usesa usefulness-
basedclusteringschemefor pagemanagement.Becauseof
(i) thescriptis rathersmallandcanbeeasilyaccessed.The
usefulness-basedclusteringis similar to a techniqueusedin
transaction-timedatabases[12, 19, 1] for clusteringtempo-
ral data.

Page Usefulness. Considerthe actualdocumentobjects
and their organizationin disk pages. For simplicity, as-
sumetheonly changesbetweendocumentversionsareob-
ject additionsand deletions(other documentchangesare
discussedlater).As objectsareaddedin thedocument,they
arestoredsequentiallyin pages. Objectdeletionsarenot
physicalbut logical; theobjectsremainin thepageswhere
they wererecorded,but thescript is updatedmarkingsuch
objectsas deleted. As the documentevolution proceeds,
variouspageswill containmany “deleted”objectsandfew,
if any, valid objectsfor thecurrentversion.Suchpages,will
provide few objectsfor reconstructingthe currentversion.
As a result,a versionreconstructionalgorithmwill have to
accessmany pages.Ideallywewould like to clustertheob-
jectsvalid atagivenversionin few, usefulpages.Wedefine
theusefulnessof a full page� , for agivenversion

�
, asthe

percentageof thepagethatcorrespondsto valid objectsfor�
.
For example,assumethatatversion

���
, adocumentcon-

sistsof five objects� �
, ��� , ��� , ��� and ��� whoserecords

arestoredin datapage � . Let the sizeof theseobjectsbe
30%, 10%, 20%, 25% and15% of the pagesize, respec-
tively. Considerthefollowing evolving historyfor thisdoc-
ument: At version

� � , ��� is deleted;at version
� � , ��� is

deleted,andatversion
� � , object � � is deleted.Hencepage

� is 100%usefulfor version
���

. Its usefulnessfalls to 90%



for version
� � , sinceobject � � is deletedat

� � . Similarly,
� is 70%usefulfor version

� � . For version
� � , � is only

55%useful.
Clearly, as new versionsare created,the usefulnessof

existingpagesfor thecurrentversiondiminishes.Wewould
like to maintainaminimumpageusefulness,������� , overall
versions.Thus,whenapage’susefulnessfallsbelow ������� ,
for thecurrentversion,all therecordsthatarestill valid in
this pagearecopied(i.e., salvaged)to anotherpage(while
preservingtheir order). The valueof � ��� � is setbetween!

and " andrepresentsthemainperformanceparameterof
our scheme.For instance,if � �����$#&% !
'

, thenpage �
falls below this thresholdof usefulnessat Version4; at this
pointobjects� �

, and � � arecopiedto anew page.
We notethat theabove pageusefulnessdefinitionholds

for full pages.A pageis calledan (
)*)*+-,/.1032 for aslong as
documentobjectsarestoredin this page.While beingthe
acceptor(andthusnot yet full), a pageis by definitionuse-
ful. This is neededsinceanacceptorpagemaynot be full
but canstill containelementsalive for the currentversion.
Note that thereis alwaysonly oneacceptorpage. After a
pagebecomesfull (andstopsbeingtheacceptor)it remains
usefulonly aslongasit containsenoughaliveelements(the
����� � parameter).

Reconstructingagivenversionis thenreducedto retriev-
ing only theusefulpagesfor this version.Variousschemes
canbe usedto assurethat only usefulpagesare retrieved
when reconstructinga version. The UBCC schemede-
scribedin [4] usesthe edit script to determinethe useful
pagesfor eachversion—alongwith theorderin whichthese
pagesmustbeaccessedto reconstructtheorderof thedoc-
ument. Techniquesto keepthe edit script within a small
percentageof theactualdataarepresentedin [5].

While theUBCCschemais effectiveat thestoragelevel,
it is not effective with complex queriesand the transport
level (i.e., the web-basedexchangeof documents). A
reference-basedschemewasthus introducedin [7] which
facilitatestheexchangeof multiversiondocumentsby rep-
resentingthe whole history of a documentas yet another
XML document.The reference-basedschemeis alsocon-
ducive to efficient supportfor somequeriesbut not all; in
particular, it doesnot supportthe path-expressionqueries
discussednext.

A path-expressionquery is describedby a regular ex-
pressionon the documenttree. For example, the query
‘Find all figuresin chapter10of thedocument’is supported
in XML query languages[2] by a specialpath-expression
notation: 435/687
9;:=<?>�@3A8BDC�EFCHGJI3K
L
<;: . Figuresmay be any-
wherein thesubtreerootedin the 435/687�9�:=<?>M@NA8B nodeof the
document.To answersuchqueriesefficiently (i.e., without
fully traversingdocumentsubtrees),a schemeis neededto
quickly identify ancestor-descendantrelationshipsbetween
documentelements.A numberingschemeis proposedin

[14], wherebythe numberassignedto an elementremains
the sameeven thoughotherelementsareaddedor deleted
from the document.This is achieved by sortingthe nodes
asin thepreordertraversal,but leaving spacebetweenthem
to makeroomfor futureinsertions.

Suchadurablenumberingschemeis advantageoussince
it automaticallymaintainsthedocumenttreestructure.One
hasto maintainanorderedlist with thenodedurablenum-
bers. Moreover it allows indexing variousdocumentele-
mentsin a persistentway. An interestingopenproblem
is whetheran efficient versioningschemeexists for doc-
umentsthat usedurablenumbers. In the next sectionwe
proposesucha schemeanddiscusshow complex queries
involving pathexpressionsoverversionscanbeaddressed.

3 The SPaR VersioningScheme
The new indexing schemerelies on assigningdurable

structure-encodingID numbersto theelementsof thedoc-
ument[14]. An XML documentis viewed as an ordered
tree, where the tree nodescorrespondsto documentele-
ments(and the two termswill be usedas synonyms). A
preordertraversalnumbercanthenidentify uniquelytheel-
ementsof the XML tree. While this is easyto compute,it
doesnot provide a durable referencefor external indexes
and other objectsthat needto point to the documentele-
ment, since insertionsand deletionsnormally changethe
preordernumbersof the documentelementswhich follow.
Instead,we needdurablenodeIDs thatcanbeusedassta-
ble referencesin indexing theelementsandwill alsoallow
the decompositionof the documentsin several linkedfiles
[14]. Furthermore,thesedurableIDs must also describe
the position of the elementin the original document—a
requirementnot typically found for IDs in object-oriented
databases.

3.1 The Numbering Scheme
The SPaR (SparsePreorder and Range) numbering

schemeconsistsof (1) a OQPJ2H(
R*SD+UTV0HW
+XTYPJZ[R*+\2��]O^TVT �
and(2) a _`(
a�b�+ . TheDNN establishesthesametotalorder
on the elementsof the documentasthe preordertraversal,
but, ratherthanusingconsecutive integers,leavesasmuch
aninterval betweennodesaspossible;thusDNN is asparse
numberingschemethatpreservesthelexicographicalorder
of thedocumentelements.

The secondelementin the SPaR schemeis the Range.
This wasproposedin [14] asa mechanismfor supporting
efficiently path expressionqueries. For instance,a docu-
mentmighthavechapterelementsandfigureelementscon-
tainedin suchchapters.Thus,a typicalquerymightbe ‘Re-
trieveall titlesunderchapterelements’.Recentlyproposed
XML querylanguages[2] provideaspecialpathexpression
to supportthesequeries,asfollows:

c
d 4=C
435/687�9�:=</C�EUCHGJI3K
L�<�:



Let W=a?a��De �
and 2H(
a�b�+
�]e �

denotethe DNN and the
rangeof a given elemente ; thena node f is descendant
of anodeg 1 if f:

W=a?a��Dg ��h W=a?a��Df ��h W=a?a��Dg �ji 23(
a�b�+
�Dg �*k
Therefore,the interval > W8a?a��Dl �m	 W8a?a��Dl �ni 23(
a�b�+
�ol � B is
associatedwith elementl . Whentheelementsin thedoc-
umentareupdated,theirSPaRnumbersremainunchanged.
Whennew elementsareinserted,they areassigneda DNN
and a rangethat do not interferewith the SPaR of their
neighbors—actually, wewantto maintainsparsityby keep-
ing theintervalsof nearbynodesasfarapartaspossible.

Considertwo consecutive documentelementsl and p
where W=a?a��ol �rq W8a?a��sp �

. Thenelementp caneitherbe
(i) thefirst child of l , (ii) thenext sibling of l , or (iii) the
next sibling of an elementt who is an ancestorof l . If
a new element u is insertedbetweenelementsl and p ,
it cansimilarly be the first child of l , the next sibling of
l or thenext sibling of oneof l ’s ancestors.For eachof
thesethreecases,the locationof p createsthreesubcases,
for a total of nine possibilities. For simplicity we discuss
the insertionof u asthe first child of l andconsiderthe
possiblelocationsfor elementp (theothercasesaretreated
similarly). Thenwe havethat:

1. p becomesthefirst child of u . In thiscasethefollow-
ing conditionsshouldhold: W=a?a��ol �vq W8a?a��]u �vq
W8a?a��sp �

and W8a?a��sp �wi 2H(
a�b
+
�xp �yh W=a?a��Du �wi
2H(=a�b�+
�Du �Uh W=a?a��ol �zi 2H(=a�b�+
�ol �

.
2. p becomesthenext sibling of u under l . The inter-

val of new elementu is insertedin the middleof the
empty interval betweenW8a?a��Dl �

and W=a?a��xp �
(thus,

the conditions W8a?a��Dl �{q W=a?a��Du �
and W8a?a��]u ��i

2H(=a�b�+
�Du �Uh W=a?a��xp �
musthold).

3. p becomesthenext sibling of anancestorof u . Then
elementu is “covered”by elementl which implies
that: W=a?a��ol �|q W=a?a��Du �

and W8a?a��]u �Ji 23(
a�b�+
�Du ��h
W8a?a��Dl �zi 23(
a�b�+
�ol �

.

Our insertionschemeassumesthatan emptyinterval is
at handfor every new elementbeing inserted. When in-
tegersare used,range overflow may occur occasionally,
thus, SPaR reassignmentsmight be neededto assurethis
property. A bettersolution is to usefloating point num-
bers with variable length, whereadditional decimaldig-
its can be addedas neededfor new insertions. For in-
stance,let elementsl and p besiblings,with: W8a?a��Dl ��i
23(
a�b�+
�ol � # k~}8}

and W=a?a��xp � # k~}��
. If elementu is to be

insertedbetweenl and p , we canset W=a?a��Du � # k }=}8}
and

23(
a�b�+
�Du � # k !=! % since:

W8a?a��Dl �zi 23(
a�b�+
�ol � # k }=}rq W=a?a��Du � # k~}8}8}�q
1If the preordertraversalnumberis usedasDNN, then �m�*�
��������� is

equalto thenumberof descendantsof � .

CH A
LifeSpan(1,now)
SPaR[200,1200]

PCDATA
LifeSpan(1,now)
SPaR[1400,1500]

PCDATA
LifeSpan(1,now)
SPaR[900,1000]

BOOK
LifeSpan(1,now)

SPaR[1,2100]

FIGURE B
LifeSpan(1,now)
SPaR[500,600]

SEC E
LifeSpan(1,now)
SPaR[400,799]

SEC F
LifeSpan(1,now)
SPaR[800,1100]

CH C
LifeSpan(1,now)
SPaR[1300,2000]

SEC I
LifeSpan(1,now)
SPaR[1600,1900]

FIGURE J
LifeSpan(1,now)
SPaR[1700,1700]

Element NodeE

T Text Node

Author
LifeSpan(1,now)
SPaR[210,210]

A Attribute Node

Page P1

Page P1

Page P2

Page P2 Page P3

Page P3

FIGURE H
LifeSpan(1,now)
SPaR[1010,1010]

Figure 1. An XML document version repre-
sented in the SPaR model.

W=a?a��Du �ji 2H(
a�b
+
�Du � # k~}8}8�rq W=a?a��xp � # k~}��
Nevertheless,for simplicity of exposition,in the following
examplesweuseintegerSPaRs.

Figure1 shows a sampleXML documentwith its SPaR
values.The root elementis assignedrange[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 elements,CH A andCH C, and threeinsertion
points,beforeCH A, afterCH A andbeforeCH C andafter
CH C. Therangeassignedto eachof thesechapterelement
continuesto be split andassignedto their direct child ele-
mentsuntil leafelementsaremet.

The SPaR numberingschememakes it possibleto use
timestampsto managechangesin both thecontentandthe
structureof documents. In the next section,we describe
a new model which usesSPaR valuesand timestampsto
manageXML documentversions.

3.2 The VersionModel
Therecordof eachXML documentelementis extended

with the element’s SPaR and the element’s lifespan. The
lifespan is describedby two timestamps� ���s�D�*��� 	 ��� �=� �

—
where

�J�s�D�m���
is the versionwhere the elementis created

and
�J� �8� is the versionwherethe elementis deleted. An

elementis called“alive” for all versionsin its lifespan. If
anelementis insertedin thecurrentversion,its

�J� �8� value
is yet unknown andis representedby variable az03� . This
variablecorrespondsto the ever increasingcurrentversion
(asperthestandardnotionfrom temporaldatabases[8]).

Adding a New Version The elementsof the initial ver-
sionarestoredin new datapagesby theirdocument(DNN)
order. We then assumethat successive versionsare de-
scribedwith respectto the last version by an edit script
generatedby the structuredXML editor usedto generate



P1 Unchanged

FIGUREB SECF PCDATA FIGUREH
P2 Life:(1,1) Life:(1,1) Life:(1,1) Life:(1,1)

SPaR: SPaR: SPaR: SPaR:
[500,600] [800,1100] [900,1000] [1010,1010]

CH C SECI FIGUREJ PCDATA
P3 Life:(1,1) Life:(1,1) Life:(1,1) Life:(1,1)

SPaR: SPaR: SPaR: SPaR:
[1300,2000] [1600,1900] [1700,1700] [1400,1500]

FIGUREB SECF PCDATA (new) CH K
P4 Life:(2,now) Life:(2,now) Life:(2,now) Life:(2,now)

SPaR: SPaR: SPaR: SPaR:
[500,600] [800,1100] [900,1000] [1420,1480]

CH C SECI SECJ SECM
P5 Life:(2,now) Life:(2,now) Life:(2,now) Life:(2,now)

SPaR: SPaR: SPaR SPaR:
[1300,2000] [1600,1900] [1700,1700] [1930,1960]

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 version

�/�
we

delete,insertor updateanelement:� O^e���e���e — Update the
�J� �8� timestampof the

deletedelementand all its descendantsasexpired at
Version

� �
. Freethe ����(
_ rangeof deletedelements

for reuse.��� T���e�_`� — Createarecordfor thenew elementand
initialize its lifespanto � ��� 	 az03� �

. Assignanunused
rangeto thenew elementbasedon theweightedrange
allocationalgorithm. The recordis storedin the cur-
rentacceptorpage.� �F��O^g���e — Updatethe

� � �8� timestampof the up-
datedelementasexpiredat Version

� �
. Createa new

recordand initialize its lifespanto � ��� 	 az03� �
. The

new recordshouldkeepthesame����(
_ values(since
the position of the updatedelementin the document
did notchange).

Additional operations,such as � � � e elementsand¡ �F��u elementscanbereducedto theabove.

Usefulness-BasedCopying. Whenever a pagefalls be-
low the � ��� � usefulnesslevel all its alive elementsare
copiedto anew page,in theorderestablishedby theirSPaR
values.All copiedelementspreservetheirSPaRvalues,but
aregivena new lifespan,asif they wereupdated—infact,
copying canbe treatedasan updatewherethe new SPaR
valuesare the sameas the old ones. Note that the delta
elementsfor eachnew version(i.e., thenewly insertedele-
mentsaswell asthecopiedelementsdueto usefulness)are
storedin pagesby increasingDNN values.

Example. Elementsof the initial version(Version1), are
storedwith their ����(
_ rangeandlifespanin pagesP1,P2
andP3asshownin Figure1. Wehaveassumedthatthesizes
of documentobjects,BOOK, CH A, attribute AUTHOR,

SECE, FIGURE B, SECF, PCDATA of SECF, FIGURE
H, CH C, SEC I, FIGURE J, and PCDATA of CH C are
50%, 25%, 10%, 15%, 5%, 30%, 35%, 30%, 5%, 10%,
5%,and80%of adatapagesize,respectively. Assumethat
we want to maintaina minimum pageusefulnessof 70%.
ThenpagesP1,P2andP3arewell above thethresholdfor
Version1.

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, CH K and
SECM be20%,45%,and50%of a datapagesize,respec-
tively. Hence,the logical orderof objectsin version2 are:
BOOK, CH A, SECE, FIGUREB, SECF, new PCDATA
of SECF, CH K, CH C, SECI, FIGURE J, andSECM.
After applyingthesechanges,PageP1becomes90%useful
(AUTHOR is deletedfor version2), pageP2becomes35%
useful(sincethe old PCDATA for SECF andFIGURE H
arenot part of Version2) andpageP3 becomes20% use-
ful becauseof thedeletionof thePCDATA of CH C. Then,
pagesP2andP3areuselessfor thesecondversionand,thus,
valid objectsin P2andP3arecopiedinto a new datapage.
CopiedobjectsincludeFIGURE 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 their logical DNN orderasshown in Figure2.

4 Full VersionReconstruction
Reconstructinga given documentversion consistsof

threetasks: (1) identifying the useful pagesfor the given
version,(2) orderingtheelementsaccordingto their SPaR
number, and(3) reconstructingtheordered-treestructureof
thedocument.

Identifying the Useful Pages. The notion of usefulness
associateswith eachpagea usefulnessinterval. This in-
terval hasalso the form of � �J�s�D�m��� 	 �J� �8� �

, where
�J�s�D�m���

is
the version when the pagebecameacceptorand

�J� �8� is
the versionwhen the pagebecamenon-useful. As with
the elementrecords,a pageusefulnessinterval is initiated
as � ���¢�D�m��� 	 az03� �

andlaterupdatedat
��� �=� . Identifying the

datapagesthatwereusefulin
� � is thenequivalentto find-

ing which pageshave intervals that contain
� � . This prob-

lem hasbeensolved in temporaldatabaseswith an access
methodcalledtheSnapshotIndex [19]. Thisapproachuses
adoubly-linkedlist � andanarray g asdescribednext.

List � is initiatedwith a specialrecord � which always
remainsat thetop of the list andis never removed. Let S£,�2
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Figure 3. Snapshot Index.

bea pointerpointingto theendof � . Initially S³,/2 pointsto
� . Whenpage, becomesacceptorat version

� � a record
of theform �£, 	 � � � 	 az03� ���

is addedat theendof � and S£,/2
points to this new record. Similarly, recordsareaddedat
theendof thelist for eachacceptorpage.Whenpage, be-
comesnon-useful,threeactionsaretaken: (i) theusefulness
interval of , ’s recordis updated,(ii) therecordis takenoff
the list and (iii) it is assignedas the next child underthe
recordthatwasbefore, in thelist.

Theaboveprocedurecreatesastructurethathastheform
of treesrooted in recordsthat are still located in list �
(the (
)*)*+H´3´¶µ�0323+H´\. ). The accessforesthasthe following
properties([19]): (1) For eachversion,list � containsthe
useful pagesin this version. (2) In eachtree in the ac-
cessforest, the

� �s�D�m���
fields are in preorder. (3) The use-

fulnessinterval of a parentrecordcontainsall the useful-
nessintervalsof therecordsin its subtree.(4) Theintervals
� � � 	 � �N�

and � � � ���H	 � ���n���
of two consecutiverecordsunder

the sameparentmay have oneof the following orderings:� � q � ��q � � ���Yq � �����
, or,

� � q � � ���Vq � �·q � �����
.

Figure3 presentstheusefulnessintervalsfor variouspages
andthecorrespondingaccessforestcreatedthroughlist � .
The currentversionis version10. Since � wasin the list
beforeany otherrecord,its interval is (0, az03� ). Usingthese
properties,thepagesusefulat a givenversioncanbeeasily
identified.

The array g stores,for eachversion,a pointer to the
recordof the lastacceptorpageusedby this version. That
is, arrayrecordshave the form: �D¸
+N2�´\¹¢03a»º¼¹¢W 	 ,�03¹sa?.1+N2 �

.
Array g is incrementallyupdatedandis easilymaintained
(usingfor examplea B+-treeon theversionnumbers).

Givenaversion
� � , we identify from array g therecord,

say ½ � , in the accessforestwherethe searchstarts. Since
½ � correspondsto an acceptorpage,it wasuseful for ver-
sion

� � . Thenall the recordsin the pathfrom ½�� to a root
(a recordthat is still in � ) correspondalsoto usefulpages

in version
� � . For eachusefulrecord,oneneedsto check

whetherits left sibling and its rightmostchild recordsare
useful(i.e.,they identify usefulpages).Thesearchproceeds
similarly and stopswhen non-usefulrecordsare reached.
For example,to find theusefulpagesat version7 we check
the recordsof e 	 O 	 ¡ 	 � and g . Note that this algorithm
checksat mosttwo non-usefulrecordsfor eachusefulone.
If therewere PJ� usefulpagesin version

� � , the algorithm
identifies them in �w�oP�� � stepsthrough the accessforest.
Searchingthrougharray g needsanadditionallogarithmic
effort (on thenumberof versions).

Ordering the Elements. The useful pagescontain the
aliveelementrecordsfor version

� � . To ordertheserecords
(task2) astraightforwardapproachis to performasortover
all usefulpages.This howevermayrequirereadingvarious
usefulpagesmany times,especiallywhennot all of them
canfit in main memory. A bettersolution, describedbe-
low, usesthe fact that the delta recordsfor eachversion,
and the pagescontainingtheserecordsare alreadystored
by increasingSPaRDNN numbersasshown in Figure2.

Importantfor eachpageis to retain the version(s)that
wrote (added)elementsto it. For simplicity assumethat
eachpageis writtenby asingleversion(thepage’s )m2H+3(=.1032
version). In this case,the creatorversionof page, is the���¢�D�m���

of the , ’s usefulnessinterval. Sincea givenversion
may write many pages,, also retainsthe position it had
amongall pageswritten by , ’s creatorversion. Let

�J¾ �o¹ �
be the set of creatorversionsfor the useful pagesin ver-
sion

� � . For eachversionin
��¾ �D¹ � we build anorderedlist

with thesubsetof the PJ� pagesthis versionwrote. To order
thealiveelementsin version

� � , wesimply retrievethefirst
pagefrom eachlist andstartorderingtheelementsin asort-
mergeapproach.Assumingthatthereis enoughmemoryto
hold onepageper list, this schemesortsall alive elements
in

� � by readingeachuseful pageonly once. Otherwise,
standardexternalsortingtechniquescanbeused.

Reconstructing the Document Structur e. To recon-
structthe ordered-treestructurefrom an orderedlist of el-
ements(task 3) we needto determinetwo relationships
amongelements:1) parent-childrelation,and2) siblingor-
der. This canbeeasilydoneby usingtheSPaRrangesand
a backward ancestor stack. We usethe stackto record
thebackwardancestorlist. If thenext elementis a child of
thecurrentonethis is pushedinto thestack;otherwise,the
stackis usedto locateits parentelement,by comparingits
DNN with theSPaRrangeof theelementsin thestack.The
algorithmis shown in Figure4.

5 Support for ComplexQueries
In addition to whole version reconstruction, other

queriesare important. For example,from version
� � , we



VersionReconstruction(SORTED_LIST) {
Initialize ANCESTOR_STACK as empty;
Assign the first element of SORTED_LIST as ROOT

and remove it from SORTED_LIST;
Push ROOT into ANCESTOR_STACK;
current_node = ROOT;
For (each element,E,in SORTED_LIST from the beginning)
{

if (SPaR(current_node) contains SPaR(E))
Insert E as the first di-

rect child of current_node;
Push E into the ANCESTOR_STACK;

else {
do {

Pop the top element, A, from ANCESTOR_STACK and
compare 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 A is found);
}
Set E as the current_node for the next run;

}
}

Figure 4. Version reconstruction algorithm.

mayjustwantto retrievetheabstract,or theconclusionsec-
tion, or thedocumentsegmentfrom thefifth chaptertill the
tenthchapter. Similarly, we may needthe secondthrough
the sixth subsectionsunder the fourth sectionof chapter
ten in version

� � . A completepath in the documenttree
is provided in all thesequeries. Yet, many other useful
queriesusea regularexpressionto specifya patternfor the
path,ratherthangiving thecompletepath.For example,an
expressionsuchas ¿�:=<JÀ�I d�Á > INBoC
4N5/687�9;:�<?>M@NA�BDCUE�CHGJI3K=L�<;:
might beusedto find all figuresin chapter10 of version

� �
(or, symmetrically, the chapterthat containsa givenfigure
in version

� � ). To supportthesequeriesefficiently, addi-
tional indicesareneeded,asdiscussednext. Sincewe as-
sumedthattheactualelementrecordsareorganizedin data
pagesusing the pageusefulnessclusteringscheme,these
new indices will be dense: for eachindexed element,a
pointerto theelement’s positionin thedatapagesis main-
tained.(In contrast,theSnapshotIndex is a sparseindex.)

Main DocumentIndex. Considera B+-treeindexing the
elementDNNs in the first versionof a document. Each
elementis storedin this B+-treeasa recordthat contains
the elementID, tag, SPaR DNN (and range)aswell asa
pointer to the data pagethat containsthe actual data of
this element. SuchB+-tree facilitatesinterestingqueries
on the document’s first version. For example,if we know
the SPaR rangeof chapter10we canfind all documentel-
ementsin this chapter(a rangesearch).As the document
evolvesthroughversions,new elementsareadded,updated
or deletedfrom this list. Thesechangescan updatethe
aboveB+-treeusingtheelementDNNs. In orderto answer
SPaR rangequeriesover a multiversiondocument(for ex-
ample:’find theelementsin version

� � with DNNsin range
�o½ 	�Â;�

’), we needto maintainthe multiple versionsof this
B+-tree.

VariousmultiversionB+-treestructureshave beenpro-
posed[12, 1, 20]. Here we use the MultiversionB-tree
(MVBT) [1] whichhasoptimalasymptoticbehavior andits
codewasreadily available. The MVBT hasthe form of a
directedgraphwith multiple roots. Associatedwith each
root is a consecutive versioninterval. A root providesac-
cessto the portionof the structurevalid for the root’s ver-
sion interval. While conceptuallytheMVBT maintainsall
versionsof a given B+-tree,it doesnot storesnapshotsof
theseversions,since this would require large space. In-
stead,portionsof the tree that remainunchangedthrough
versionsare sharedbetweenmany versions. The MVBT
usesalsoa notionof pageusefulness:recordsthatarealive
for many versionsarecopiedwhenapagegetsbelow ause-
fulnessthreshold.However, thepagesplitsaremoreelabo-
ratethanin theSnapshotIndex, sincetheMVBT maintains
alsotheorderamongall elementsalive in a givenversion.
As a result,eachnew pagein theMVBT needsto allocate
somefree spacefor future elementsthat may be addedin
this page.

For aB+-treeevolutionwith a changes,theMVBT uses
�w�oa�C�f �

space.Updatinganelementtakes �w�]SD0Nb8Ã|a � C�f �
,

where az� is thenumberof elementsin the currentversion.
A query requestingthe elementsin range _ from version� � is answeredin �w�DSD0Nb Ã a�CHf i 28C�f �

I/O’s,where2 is the
numberof elementsversion

� � hadin range_ .

We usethe MVBT to index all elementrecordsof the
document;eachsuchrecordpointsto thepagethatcontains
the element’s data. In the rest we will refer to this index
asall MVBT. The index assumesthat the SPaR DNNs are
available.However, SPaRnumbersareinvisible to theuser
whoexpressesqueriesin termsof documenttagnames(ab-
stract,chapter, etc.). Therefore,given a tag anda version
number, the DNN of this tag in the given versionmustbe
identified.

We classifythedocumenttagsaseitherlist tagsor indi-
vidual tags.Individual tagscanonly occura smallnumber
of timesin thedocument—typicallyonly once,suchasthe
abstractandtheconclusionsection.In somecases,individ-
ual tagsoccura few times in a document(e.g.,we might
have an addresstag for both senderand receiver). How-
ever, list tags,suchaschapters,sections(andall the tags
underthem),canoccuran unlimitednumberof timesin a
document.For individual tags,theSPaR numberinforma-
tion canbe easilymaintainedandaccessed.Considerfor
examplea queryaskingfor theabstractin version10. As-
sumethat underthe abstracttag, the documentcontainsa
subtreethat maintainsthe abstracttext, anda list of index
terms. While the abstractSPaR remainedunchanged,the
subtreeunderthe abstracttag may have changed.That is,
the abstracttext and the index termscould have changed
betweenversions. To answerthe above querywe simply
performarangesearch(usingtheabstract’sSPaRrange)on



DNN : 1
Life : (1,now)
Ä
Tag : BOOK
Loc : Page P1
Ä

DNN : 200
Life : (1,now)
Ä
Tag : CH
Loc : Page P1
Ä

DNN : 690
Life : (3,now)
Ä
Tag : SEC
Loc : Page P15
Ä ...Å

DNN : 200
Life : (1,now)
Ä
Loc : Page P1

DNN : 510
Life : (3,now)
Ä
Loc : Page P15

...Å DNN : 200
Life : (1,now)
Ä
Loc : Page P3

DNN : 270
Life : (2,now)
Ä
Loc : Page P7

...Å

ALL_MVBT
Æ

CH_MVBT SEC_MVBT

BOOKÇ
Life : (1,now)

SPaR : (1,2100)È
CHÉ

Life : (1,now)
SPaR : (200,1200)

AUTHORÉ
Life : (1,now)

SPaR : (210,210)

CHÉ
Life : (3,now)Ê

SPaR : (510,550)Ë
TITLEÌ

Life : (3,3)
SPaR : (600,630)Í

SECÎ
Life : (3,now)Ê

SPaR : (690,720)Í...Å ...Å
Page P1 (1,now) Page P15 (3,now)

Usefulness-Based Storage
Ï

...

... ...
... ...

Figure 5. Index organization.

theall MVBT for version10.

Element Indices. Determiningthe SPaR numbersof list
tagsis morecomplex. This is becausea new tag addedin
the list affects the position of all tagsthat follow it. For
example,addinga new chapterafter the first chapterin a
document,makesthepreviouslysecond,third,..,chaptersto
becomethird, fourth etc. Henceto identify theDNN of the
tenthchapterin version20,weneedto maintaintheordered
list of chapterDNNs. Sucha list canalsobe maintained
usingaMVBT thatindexestheSPaRDNN of )�Ð�(N,/.1+N2 tags
(the ch MVBT). We alsomaintainoneMVBT per list tag
in the document(for example,secMVBT indexesall doc-
umentsectionswhile fig MVBT indexesall figures.) The
denseindex architectureis illustratedin Figure 5. At the
bottom level, the datapagesorganizedby the usefulness
pageclusteringare shown (the structuresof the Snapshot
Index is not shown). Hereeachpagehasa usefulnessin-
terval andcontainsthreeelementrecords.Eachrecordhas
its tag,SPaRrange,lifespananddata(not shown). Records
in MVBT leaf pagescontainpointersto thedatapages.An
MVBT leaf pagecontainsmore recordsthan a datapage
sincethelatterstorestheelementdataaswell.

Below we provide variousqueryexamplesanddescribe
how to usethevariousindicesin answeringthemefficiently.
Thislist is arepresentativeof thevariousqueriesthatcanbe

easilyaddressedthroughour index organization.

Structural Projection— Projectthepart of thedocument
betweenthesecondandthefifth chapters in version20. To
answerthis querywe first accessthech MVBTandretrieve
the orderedlist of chapterDNNs as it was in version20.
Fromthis list we identify theSPaRrangebetweenchapters
2 and5. With this SPaR rangewe performa rangesearch
for version20 in the all MVBT. This searchwill identify
all elementswith DNNs insidethis range.Fromthe SPaR
properties,all suchelementsarebetweenchapters2 and5.

Regular Path Expression— Find all sectionsunder the
third chapterin version10. Wefirst identify theSPaRrange
of thethird chapterin version10 from ch MVBT. With this
SPaRrangeweperformarangesearchin thesecMVBTfor
version10. Only the sectionsunderthe third chapterwill
haveSPaRnumbersin 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. UsingthisSPaRweperformasearch
in ch MVBT for version 5. According to the properties
of the SPaR numberingscheme,we find the chapterwith
the largestSPaRamongthechaptersbeforethefigure,and
checkthatits SPaRrangecontainsthatof thefigure.



Parent-ChildExpression— For version10,retrieveall ti-
tles directly underchapterelements.Using the ch MVBT
we identify the )�Ð�(\,�.1+N2 elementsalive in version10. For
each)\Ð/(N,/.1+N2 , its SPaRrangevalueis usedto locateall .¢¹x.1S]+
elementsunder it in version 10 through the title MVBT.
Then,the level numberof locatedtitles arecomparedwith
that of the chapterelementto determinetheir parent-child
relationship.

VersionSelection— Retrieveversionsbetween10and15.
The full versionreconstructionalgorithmcan be usedfor
version-ranges.The algorithm will start from version15
andwork backwardsuntil version10.

Queryon Dif f— Retrievethedifferencebetweenversions��Ñ
and

��Ñ¶���
. Basically, thedifferenceis theunionof in-

sertedelementsanddeletedelements.Insertedelementsare
thoseelementswhosecreationtime is version

� Ñ¶���
and

deletedelementsarethoseelementswhoselifespanendsby� Ñ
. Versionquerieswith predicateson the elementlifes-

panscanbeusedto retrieve thesetwo typesof elements.

6 PerformanceResults
We reportpreliminaryexperimentalresultson theuseof

theusefulness-basedclustering.We useda documentevo-
lution with 100 versions. For simplicity, in this evolution
eachversionhasapproximatelythe samesize (about100
pages). Eachversionchangesabout20% from the previ-
ousversion;half of thechangesareinsertionsandtheother
half aredeletions.Changesareuniformlyandrandomlydis-
tributedamongdatapages.The ����� � is setto 50% while
thepagesizeis 4K bytes.We comparetheSPaRdataorga-
nization,the UBCC edit-scriptapproach[4], the RCSand
an extremeapproachthat storesthe full copy of eachver-
sion. The SPaR andUBCC both usethe usefulness-based
clustering. The differenceis that UBCC relieson the edit
script for identifying theusefulpageswhile theSPaRuses
timestampsandtheaccessforest. For eachmethodwe ob-
servedthefull versionretrieval costandthespaceconsump-
tion (Figure6).

The retrieval cost is measuredas the numberof page
I/O’s neededto reconstructa full version. Obviously, the
approachthat storescompleteversionshas the minimum
versionretrieval cost,but also the maximumstoragecost,
sinceeachversionis storedin its entiretyondisk. Symmet-
rically, theRCSschemerequiresthe leaststorage(no use-
fulnessbasedcopying is performed)but hasthelargestaver-
ageretrievalcost.Theusefulness-basedschemes(SPaRand
UBCC) trade-off betweenthesetwo extremes. The aver-
ageretrieval costfor theusefulness-basedschemesremains
linear in the sizeof the reconstructedversionby a coeffi-
cient that is controlledby ������� . Sincein this experiment,
the averageversionsizewaskept to about100 pagesand

������� # Ò !
'
theretrieval costis approximatelyparallelto

thehorizontalaxis(between130and150pages).
When comparingSPaR and UBCC, the SPaR scheme

providessomeimprovementin retrieval time (about10%)
andmoreimprovementin storage.Themainreasonis that
theSPaRschemedoesnotneedtheeditscript.Sincetheac-
cessforestusesonerecordperdatapageused,its structure
is rathersmallwhencomparedwith theedit script. Never-
theless,theUBCC schemeis morerobustsinceit doesnot
needDNNs.

7 Conclusions
Versioningschemesfor XML documentsplayanimpor-

tantrole in themanagementof webbasedinformation.Tra-
ditional text versioningtechniquessuchasRCSandSCCS
arenotefficientfor XML documentversioning.Hencethere
is aneedfor new andimprovedtechniquesthataremoreef-
fectiveat thephysicallevel andthelogical level.

For the physicallevel, we have useda pageclustering
techniquefrom temporaldatabasesto tradeoff storageeffi-
ciency with retrievalefficiency andoptimizetheoverallper-
formance.Thenwe have concentratedon supportfor com-
plex queriesincluding querieson versioncontent,queries
involving thestructureof theXML document(e.g.,pathex-
pressionqueries),andtemporalquerieson theevolution of
thedocument.We useda durablenodenumberingscheme
that combinedwith indexing techniques,suchasmultiver-
sionB-trees,cansupportwell thesethreekindsof queries.
Other interestingproblems,such as the optimization of
queriesthat combinethesethreedifferent kinds of quali-
fications,performancecomparisonof alternativeversioning
schemes,andgeneralizationof XML querylanguagesto de-
terminedocumentevolution, will be the topic of future in-
vestigation.Indeedtheproblemof managingandquerying
multiversionXML documentspresentsmany interestingre-
searchchallengesfor databasesandweb-basedinformation
systemsof thefuture.
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