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Abstract

Managing multiple versions of XML documentsand
semistructureddatarepresentsa problemof growinginter-
est. Traditional versioncontrol methods,such asRCS,use
editscriptsrepresentingchangesin thedocumenttosupport
the incrementalreconstructionof different versions. The
edit-basedapproacheshavebeenrecentlyenhancedwith a
replicationschemecalled UBCC [2]. UBCC is basedon
thenotionof pageusefulnessandensureseffectivemanage-
mentfor multi-versiondocumentsin termsof bothretrieval
and storage cost. Theseimprovementsnotwithstanding,
theedit-basedrepresentationsuffersfromlimitedgenerality
andflexibility–e.g., it cannotrepresentchangessuch asre-
arrangingthedocumentor duplicatingpartsof its content.
To solvetheseproblems,the paperproposesa copy-based
UBCC versioning scheme, which also providesa simpler
format for the electronic exchange of multi-version docu-
ments.With the objectiveof matching the performanceof
theedit-basedUBCCtechnique, wedevelopalgorithmsthat
enhancethe copy-basedUBCC schemewith page useful-
nessmanagement.Wealsopresentresultsof variousexper-
imentsthattestthestorageandretrieval performanceof the
new copy-basedapproach, andcompare it with that of the
edit-basedUBCCapproach.

1. Intr oduction
The problemof managingmultiple versionsfor XML

andsemistructureddocumentsis of significantinterestfor
contentprovidersand cooperative work. The XML stan-
dardis consideringthis problemat thetransportlevel. The
WEBDAV working group[8] is developinga standardex-
tensionto HTTP to supportversioncontrol,metadataand
namespacemanagement,andoverwriteprotection.

Traditional document version managementschemes,
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suchasRCS[6] andSCCS[5], areline-orientedandsuffer
from variouslimitations and performanceproblems. For
instance,RCS [6] storesthe most current version intact
while all otherrevisionsarestoredasreverseeditingscripts.
Thesescriptsdescribehow to go backward in the docu-
ment’s developmenthistory. For any versionexcept the
current one, extra processingis neededto apply the re-
verseeditingscript to generatetheold version. Insteadof
appendingversiondifferencesat the endlike RCS,SCCS
[5] interleaveseditingoperationsamongtheoriginal docu-
ment/sourcecodeandassociatesa pair of timestamps(ver-
sionids) with eachdocumentsegmentspecifyingthelifes-
panof thatsegment.Versionsareretrievedfrom anSCCS
file via scanningthroughthe file andretrieving valid seg-
mentsbasedon their timestamps.

Both RCSandSCCSmay readsegmentswhich areno
longervalid for theretrieved(target)version,causingaddi-
tional processingcosts.For RCS,the total I/O costis pro-
portionalto the sizeof the currentversionplus thesizeof
changesfrom the retrievedversionto thecurrentone. For
SCCS,the situationis even worse: the whole versionfile
needsto bereadfor any versionretrieval. To reduceversion
retrieval costRCSmaintainsanindex onthevalid segments
of eachversion,but still thesesegmentsmight be stored
sparselyamongpagesgeneratedin differentversions,and
this lackof clusteringcancostmany additionalpageI/Os.

Finally, RCSandSCCSdonotpreservethelogicalstruc-
tureof the original document;this makesstructure-related
searcheson the XML documentsdifficult and expensive
to support—reconstructionof a whole version might be
neededbeforeits componentobjectscanbeidentified.

Recently, weenhancedthefamily of edit-basedschemes
with a replicationscheme,called 	�

��� [2]. To ensure
that all versionscanbe reconstructedwith I/O costthat is
proportionalto theversion’ssize,the 	�
���� schemeclus-
tersvalid objectsof a givenversionin few datapages.This
is achieved throughthe notion of page-usefulness. When
thenumberof valid objectsin a pagefalls below a thresh-
old, all pageobjectsthatarestill valid arecopiedto another
page.A versionis thenreconstructedby onlyaccessinguse-
ful pages(i.e.,pagesfilled mostlywith objectsthatarevalid
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for theversion).Reconstructinga particulardocumentver-
sionis equivalentto findingthevalidobjectscomprisingthe
versionandproducethemin thecorrectlogicalorder.

However, in spiteof theseimprovements,theedit-based
representationof versionssuffers from limited generality
andflexibility . For example,it cannot efficiently represent
changessuchas documentcontentrearrangingand docu-
ment restructuring. To solve theseproblems,we propose
a new copy-basedversioning scheme, which gets rid of
edit scriptsand usesthe conceptof commonsegmentsto
representversions.This new schemealsoprovidesa sim-
pler, moreflexible format which canbe usedfor the elec-
tronic exchangeof multi-versiondocuments,WWW-based
cooperativeauthoringandversioningactivities. In addition,
with theobjective of matchingthe 	�
���� ’s performance,
wedevelopalgorithmsthatenhancethecopy-basedscheme
with theusefulness-basepagemanagementmethodusedin
	�
���� . After formalizing thealgorithmsusedin the two
methods,we presentthe resultsof variousexperimentsto
testandcomparetheperformanceof thesetwo strategies.

Therestof thepaperis organizedasfollows: in thenext
section,we review the edit-based	�
���� scheme.Then,
the new copy-basedschemeand its usefulness-basedim-
provementare proposedin Section3 and 4. The perfor-
manceis evaluatedin Section5.

2. The Edit-Based ������� Scheme
TheRCSschemeperformswell whenthechangesfrom

a versionto thenext areminimal. For instance,considera
first case,whereonly ������� of thedocumentis changedbe-
tweenversions.Then,reconstructingthe100��� versiononly
requires� �!� retrieval overhead.But RCSperformspoorly
when the changesgrow larger. For instance,if "��#� of
thedocumentchangesbetweenversions,thenretrieving the
100��� versioncouldcost "$� timesretrieving thefirst one! In
thissecondcase,storingcompletetime-stampedversionsis
a muchbetterstrategy, costingzerooverheadin retrieving
eachversionand only a limited ( %'&#� ) storageoverhead.
Most real-life situationsrangebetweenthesetwo cases—
with minor revisionsandmajorrevisionsoftenmixedin the
history of a document. Thus, an adaptableself-adjusting
methodis needed,that in onecase,operateasRCS,while
in the secondcasetend to store completetime-stamped
copies.TheUBCCschemedescribednext achievesthisde-
sirablebehavior by merging the old RCSschemewith an
usefulness-basedcopy control scheme. A detailedstudy
of the performanceof this methodwas presentedin [3],
where its performancewas comparedagainsttechniques
thatusemulti-versionB-treesandpartially persistentlists.
In general,the performanceof the new usefulness-based
schemewasbetterthanthatof theotherschemes,whichare
basedon techniquesoriginally developedfor transaction-
timedatabasesandpersistentobjectstores[3].

2.1. PageUsefulness

For simplicity assumethatthedocument’sevolutioncre-
atesversionswith a linearorder: (*) , (�+ , ..., whereversion
(�, is beforeversion (�,.-/) . Hencea new versionis estab-
lishedby applyinga numberof changes(objectinsertions,
deletionsor updates)to the latestversion. To furthersim-
plify thediscussion,weonly considerinsertionanddeletion
changes(an updatecan be representedby a deletionfol-
lowedby an insertionof theupdatedobject). Note thatan
objectdeletionat version ( , is not physicalbut logical: the
previousversionof theobjectis maintainedsinceit is valid
for someearlierversion(s).Clearly, basedonthechangesin
theversionevolution,anobjectis associatedwith a lifetime
interval of the form: [insertionversion,deletionversion).
An objectis valid for all versionsin its lifetime interval.

Initially we mayassumethat objectsin the document’s
very first versionarephysicallystoredin pagesaccording
to their logicalorder. After anumberof changes,objectsof
a specificversionmay be physicallyscatteredarounddif-
ferentdiskpages.Moreover, a pagemaystoreobjectsfrom
differentversions. Hence,whenretrieving a specificver-
sion,a pageaccess(read)maynot becompletely“useful”.
That is, someobjectsin an accessedpagemay be invalid
for the targetversion.For example,assumethatat version
(0) , adocumentconsistsof fiveobjects1�) , 12+ , 143 , 125 and
126 whoserecordsarestoredin datapage7 . Let thesizeof
theseobjectsbe30%,10%,20%25%and15%of thepage
size,respectively. Considerthe following evolving history
for this document:At version (�+ , object 12+ is deleted;at
(�3 , object 143 is updated;at (�5 , object 146 is deleted,andat
version( 6 , object 1 ) is deleted.

We definethe usefulnessof a full page 7 , for a given
version ( , asthe percentageof the pagethat corresponds
to valid objectsfor ( . Hencepage 7 is 100%useful for
version(0) . Its usefulnessfalls to 90%for version(8+ , since
object 12+ isdeletedat (�+ . Similarly, 7 is70%usefulduring
version (83 . Theupdateof 143 invalidatesits corresponding
recordin 7 (a new recordfor 143 will bestoredin another
pagesince7 is full of records).Finally page7 fallsto 25%
usefulnessafter ( 6 .

Usefulnessinfluenceshow well objectsof a given ver-
sionareclusteredinto pages.High usefulnessimplies that
the objectsof a given versionare storedin fewer pages,
i.e., this versionwill be reconstructedby accessingfewer
pages.Clearly, apagemaybemoreusefulfor someversions
andlessfor others.We would like to maintaina minimum
pageusefulness,	:9 ,.; , over all versions(settingthis min-
imum is a performanceparameterof our schemes).When
a page’s usefulnessfalls below theminimumthecurrently
valid recordsin this pagearecopiedto anotherpage.This
is similar to the ”time-split” operationin temporalindex-
ing [7] [4]. Reconstructinga givenversionis thenreduced
to accessingonly the usefulpagesfor this version;this is



VERSION 1
-------------------------------------------------------

Data Pages UBCC Script E3
------------------------- ----------------------------

+-----------------+ ins(A1,1,p1),ins(R1,2,p1),
p1 | A1, R1, T1, U1 | ins(T1,3,p1),ins(U1,4,p1),

+-----------------+ ins(P1,5,p2),ins(I1,6,p2),
p2 | P1, I1, N1, M1 | ins(N1,7,p2),ins(M1,8,p2),

+-----------------+ ins(Q1,9,p3),ins(Z1,10,p3),
p3 | Q1, Z1, B1, X1 | ins(B1,11,p3),ins(X1,12,p3),

+-----------------+ ins(D1,13,p4),ins(H1,14,p4),
p4 | D1, H1, K1, L1 | ins(K1,15,p4),ins(L1,15,p4).

+-----------------+

VERSION 2
-------------------------------------------------------

Data Pages UBCC Script E3
------------------------- ----------------------------

+-----------------+ ins(G2,5,p5),ins(T2,6,p5).
p5 | G2, T2, R2 | ins(R2,11,p5),

+-----------------+ del(X1,15),del(K1,17).

VERSION 3
-------------------------------------------------------

Data Pages UBCC Script E3
------------------------- ----------------------------

+-----------------+ del(T1,3),del(G2,4),
p6 | Z1, B1, D1 | del(T2,4),del(R2,8),

+-----------------+ del(Z1,8),ins(Z1,8,p6),
del(Q1,8),del(B1,9),
ins(B1,9,p6),del(D1,10),
ins(D1,10, p6),del(H1,11),
del(L1,11).

Figure 1. Edit-Based 	�

��� version file .

very fast sinceeachuseful pagecontainsa good part of
the requestedversion. Furthermore,it canbe proved that
theoverall spaceusedby thedatabaseremainslinearin the
numberof changesin thedocument’sversionhistory[2].

2.2. An Example
Considerthe versionsshown in Figure 2. In the edit-

based	�
���� scheme,the first versionis storedsequen-
tially in pagesP1, P2, P3 andP4. We have assumedthat
eachpagecancontainatmost4 objects.Let 	 9 ,.; be70%.
PagesP1,P2,P3andP4areall 100%usefulfor Version1.

Version2 is createdby the following changes:insertG2
after U1, insertT2 after G2, insertR2after M1, deleteX1, delete
K1. After applyingthesechanges,pagesP3andP4become
75% useful (sinceX1 and K1 are not part of Version2).
PagesP1 andP2remain100%useful. Sinceall pagesare
usefulno copying is needed.New objectsG2, T2 andR2
arethenstoredin a new pageP5.

UBCC Edit Script. To be ableto reconstructany ver-
sion,weneedto recordanedit script for eachversion.The
scriptfor Version2, E2, is shown in Figure1. E2 is derived
from theoriginaledit scriptasfollows:

< Eachcopiedobjectis treatedasa deleteoperationfol-
lowedby aninsertoperation.

< Attachtoeachoperationthepositionof its targetobject
in thenew version.

Note that, the positionassociatedto a deletedobject is
its positionin thenew versionasif it wasnot deleted.For
example,thepositionof X1 is 15in thenew versionif it was
not deleted,so, thedeleteoperationdel(X1)hasa position
valueof 15. Thesepositionvaluesareusefulfor recovering
thelogicalobjectorderandarefurtherdiscussedbelow.

Version3, is generatedby the following changes:delete
T1, deleteG2, deleteT2, deleteR2,deleteQ1, deleteH1, delete
L1 As aresult,pagesP3,P4,andP5become50%,25%,and
0% useful,respectively. As a result,thevalid objectsin P3
andP4,Z1, B1, andD1 mustbecopied. New objectsand
copiedobjectsarestoredinto a new datapageP6 in their
sequentialorderin Version3. Theedit script,E3, for Ver-
sion3 is shown in Figure1. For eachcopiedobject,a pair
of operations—onedeletionfollowedby oneinsertion—are
addedinto theedit script.

Version Reconstruction. Considerretrieving version
(�, . Sincethe objectsof (�, may be storedin datapages
generatedin versions( ) , ( + , ..., ( ,�=>) and ( , , theseobjects
maynot bestoredin their logical order. Therefore,thefirst
stepis to reconstructthe logical orderof ( , objects. The
logical orderis recoveredin a gap-filling fashionbasedon
theeditscripts.Wewill explainthealgorithmby describing
how to reconstructVersion3.

Thereconstructionstartsby retrieving thefirst objectof
Version3 from its edit script, E3. We try to find the first
object in the first edit operation. However, we get a gap
from theoperation.Thepositionvalueof thefirst operation,
del(T1,3), is 3. That means,we missthe first two objects
andneedto fill thegap from thepreviousversion,Version
2. Recursively, we startto retrieve the first two objectsof
Version2. This retrieval startsfrom the first operationof
E2, ins(G2,5, p5). We geta gapagainandneedto retrieve
two objectsfrom its previousversion,Version1. FromE1,
we find the first two objectsof Version1 andreturnthem
to Version2. Recursively, thesetwo objectsaresentback
to Version3. WhenVersion3 receivesthesetwo records,it
readsthedatapageP1whichcontainsthesetwo objects,A1
andR1,andoutputthem.PageP1is kept in mainmemory
becauseit still containsonevalid object,U1, for Version
3. Thereconstructionof Version3 continuesfrom thepre-
viousstoppoint, del(T1,3) andthenext objectis the third
object. Sincethe currentoperationis a delete,that means
its targetobjectis deletedfrom thepreviousversion.There-
fore, Version3 requeststhenext objectof Version2 andit
is expectedto beT1. To answertherequestfor next object,
Version2 needsto retrieve its third object,becauseits first
two objectshave beenretrieved in the previous run. In a
similar manner, Version2 needsto requestonenext object
from Version1 becauseof its ins(G2,5,P5)operation.As
expected,thereturnedrecordis ins(T1,3,P1). Therecordis
recursively returnedto Version3 andnullified by thedelete
operation,del(T1,3). However, at thispoint thethird object



VERSION 1
-------------------------------------------------------

Diff Snapshot Copy-Based Model
----------------- ---------------- --------------------
None A1, R1, T1, U1, A1, R1, T1, U1,

P1, I1, N1, M1, P1, I1, N1, M1,
Q1, Z1, B1, X1, Q1, Z1, B1, X1,
D1, H1, K1, L1, D1, H1, K1, L1.

VERSION 2
-------------------------------------------------------

Diff Snapshot Copy-Based Model
----------------- ---------------- --------------------
INS(G2 after U1) A1, R1, T1, U1, (V1, (1, 4), 1), G1,
INS(T2 after G2) G2, T2, P1, I1, T2, (V1, (5, 8), 7),
INS(R2 after M1) N1, M1, R2, Q1, R2, (V1,(9,11),12),
DEL(X1) Z1, B1, D1, H1, (V1, (13, 14), 15),
DEL(K1) L1. (V1, (16, 16), 17).

VERSION 3
-------------------------------------------------------

Diff Snapshot Copy-Based Model
----------------- ---------------- --------------------
DEL(T1) A1, R1, U1, P1, (V2, (1, 2), 1),
DEL(G2, T2) I1, N1, M1, Z1, (V2, (4, 4), 3),
DEL(R2, Q1) B1, M3, D1, H1, (V2, (7, 10), 4),
INS(M3 after B1) L1. (V2, (13, 14), 8),

M3, (V2,(15,17),11).

Figure 2. A sample cop y-based version rep-
resentation.

of Version3 hasnot beenretrieved yet. So anothernext-
object requestis issuedfrom Version3 to Version2 and,
recursively, to Version1 andVersion3 getsbacktherecord
ins(U1,4,P1)whichrefersto thethird objectsof Version3.
This gap-filling procedurecontinuesthroughthe script E3
until all objectsof Version3 areretrieved.

The detailedversionreconstructionalgorithm is avail-
able in [2]. Furthermore, [3] presentsan improvement
of theschemethatusesscriptsnapshotsto improve perfor-
mance.Let ?A@ �CB denotethetotal numberof changesin the
versionevolution,which includesinsert,update,anddelete
operations. Then, it was shown in [3] that the total size
of the edit script and the size of the database(actualand
copiedobjects)remainslinear in ?A@ �CB . Assuminga buffer
of D pagesin memory, to reconstructversion (�, we needto
readedit scriptsEF,�GHGHGIE4) andonly theusefulpagesof ver-
sion ( , . If 
 denotesthe pagesize,the numberof useful
pagesof version( , is boundedby )J!KAL�MONQP DSR'T#UV( ,VWIX 
 .

3. The Copy-BasedScheme
We will use the samesampledocumentand versions

from the previoussection(shown in Figure1) to illustrate
thecopy-basedscheme.Versionsin thecopy basedscheme
arerepresentedasa list of the following two kinds of ob-
jects:< referencerecordswhichdenotemaximumconsecutive

unchangedobject segmentsthat are in commonbe-
tweenthenew versionandtheold version,and< actualobjectrecords.

Thecopy-basedrepresentationof theinitial version,Ver-
sion 1, is the versionitself. Version2 is generatedby the
following changesto Version1 :Y[Z P T \^]`_badc/e4agfdh0]iT \4	
�[j Y[Z P T \^]`k�aFfdh0]iT \Flm�[jn T oVT ]iTqpr�'j n T^o�T ]iT^sr�'�
Then,Version2, is representedby thenew objectsinserted
in Version2 andthefivemaximalcommonsegmentsshared
with Version1: ( A1, R1, T1, U1), (P1,I1, N1, M1), (Q1,
Z1, B1), (D1, H1), and(L1).

Each commonsegment is representedby a reference
record of theform:

Ut(�uvcI��w^x�x�w Z ?:THy#xzT Z ] k�T�h*T \^T ZA{ T!cI|}T ~ 7�w P D�]SDSw Z W
whereV# is the previous version, ��w^x�xzw Z ?�TCy!xzT Z ]
k�T^h*T \�T ZA{ T is a pairof positionvaluesspecifyingthestart-
ing position and end position of the commonsegmentin
thepreviousversionV#, andNew Positiondenotesthepo-
sition of thecommonsegmentin thenew version.For ex-
ample,thereferencerecord(V1, (1, 4), 1) refersto thefirst
commonsegment- (A1, R1, T1, U1) - which startsfrom
the first objectof Version1 andendsat the fourth object.
Thepositionvalue,1, impliesthatthis segmentis placedat
thebeginning(first position)in thenew version.Therefore,
Version2 is representedasthefollowing list:

UV(v�[cCU��[c�% W cC� W c�_badc�e4adc UV(��[c UV�dcI� W c�" W c�k�adc
UV(��'cCUV��cH�'� W cH� a W c UV(
�[c Ui� &�cH�C% W cH� � W c$Ut(��'cCUi� ��cC�C� W cH��" W

Similarly, Version3 in Figure2 is generatedfrom Version2
by deletingT1, (G2,T2), (R2,Q1)andaddingM3 afterB1.
Thus,Version3 is representedasfollowing:

UV(�adc Ui�[c�a W cH� W cCUt(badc U�%�c�% W c�& W cCUt(�adcCU�"#cC�C� W c�% W c
UV(�a�cCU��C&�cC�H% W c�� W c�l�&�cCUt(�adcCU�� ��cH�^" W cC�[� W �

Restructuring and Duplicating. It is oftenthecasethat
two sectionsof the old version are switched in a new
version. Also somepassagesand footnotesmight be re-
peatedat variouspointsin thedocuments.Our copy based
representationhandlesthesechangesvia simple reference
records,whereasthe edit script basedversionrequiresthe
re-insertionof themovedsectionsandtherepeatedobjects.

3.1. VersionRetrieval
Whenreconstructingaversionfrom thecopy-basedrep-

resentation,someof theversionobjectsarematerializedby
traversingreferencerecords.Let’s take Version3 asanex-
ample.Thefirst referencerecordof Version3, (V2, (1, 2),
1), refersto the first two objectsof Version2. To locate
the first two objectsof Version2 its copy-basedrepresen-
tation is checked. The first referencerecordof Version2,
(V1, (1, 4), 1), impliesthat its first two objectsarethefirst
two objectsof Version1. Therefore,recursively, the first
two objectsof Version3, namely, A1 andR1, arefound in



COPY(int V_NUM, int START_POS, int END_POS) {
RESULT_LIST = NULL;
CUR_POS = START_POS;
LIST_ELEMENT = the list element of Version V_NUM
whose position is at START_POS;

while (CUR_POS <= END_POS)
{ if (LIST_ELEMENT == an actual object) {

append LIST_ELEMENT to RESULT_LIST;
LIST_ELEMENT = next element from version V_NUM;}

else if (LIST_ELEMENT == (v_n, start, end, new)
/* a reference record */) {
CAR_of_LIST = COPY(v_n, start, start);
CDR_of_LIST = (v_n, start + 1, end, new + 1);
append CAR_of_LIST to RESULT_LIST;
if (CDR_of_LIST is not an empty list)
LIST_ELEMENT = CDR_of_LIST;

else
LIST_ELEMENT = next element from version V_NUM;

}
CUR_POS ++;}

return RESULT_LIST;
}

Figure 3. List Materialization Algorithm.

Version1. Thesecondrecordof Version3, (V2, (4, 4), 3),
refersto thefourthobjectof Version2. Again,thefirst refer-
encerecordof Version2 is usedto referto thefourthobject
of Version1 wherethe actualobject, U1, is found. The
above recursive segment locating procedureis appliedto
eachreferencerecorduntil correspondingactualobjectseg-
mentsarefound.Thedetailedversionretrieval algorithmis
shown in Figure3.

DocumentSegmentRetrieval. Theprocedureusedto re-
trieve thewholedocumentcanalsobeusedto retrieve any
portion of the document. For instance,to materializethe
segmentof versionV2 from object 24 till object 32 you
needto simplycall thelist materializationalgorithmof Fig-
ure 3 by (V2, 24, 32). The usefulness-basedmanagement
discussednext makesuseof thisproperty.

3.2. Modified PageUsefulness
In orderto improveperformance,wedevelopalgorithms

that enhancethe above copy-basedschemewith a use-
fulnessclustering scheme. This schemeis a modifica-
tion of thepageusefulnessmanagementusedin edit-based
UBCC. To simplify the discussion,we assumethat refer-
encerecordshavethesamesizeastheactualobjectrecords
(whereasthey arenormallysmaller).Moreover, in our ex-
amplesapageholdsfour (objector reference)records.

In thecopy-based	�
���� scheme,thereferenceandac-
tual objectrecordsof a versionarestoredin datapagesse-
quentiallyby their logical order. Version1 hasonly actual
objects,so its objectsarestoredsequentiallyin four data
pages,P1,P2,P3andP4,asshown in Figure4.

Therepresentationof Version2 containsboth reference
andactualrecords.Thefirst four of theserecordsarestored
in a new datapageP5. Considerthe overall“logical” seg-
mentcorrespondingto pageP5, which we will denote?A6 .

VERSION 1
-------------------------------------------------------

Data Pages Page Index
------------------------------------- ----------------
P1: A1(1) R1(2) T1(3) U1(4) P1(1,4)
P2: P1(5) I1(6) N1(7) M1(8) P2(5,8)
P3: Q1(9) Z1(10) B1(11) X1(12) P3(9,12)
P4: D1(13) H1(14) K1(15) L1(16) P4(13,16)

VERSION 2
-------------------------------------------------------

Data Pages Page Index
------------------------------------- ----------------
P5: (V1, (1, 4), 1), P5(1,10)

G2(5), T2(6), P6(11,17)
(V1, (5, 8), 7)

P6: R2(11), (V1, (9, 11), 12),
(V1, (13, 14), 15),
(V1, (16, 16), 17),

VERSION 3
-------------------------------------------------------

Data Pages Page Index
------------------------------------- ----------------
P7: A1, R1, U1, P1 P7(1, 4)
P8: I1, N1, M1, Z1 P8(5, 8)
P9: B1, M3, (V2, (15, 17), 11) P9(9, 13)

Figure 4. A sample cop y-based 	�

��� ver-
sion file .

This logicalsegmentstartsfrom thefirst objectin Version2
andextendsuntil the10��� objectof Version2. To physically
materialize? 6 , pagesP1andP2mustalsobeaccessed.This
is becausesomeactualobjectsof ?>6 arephysicallystored
in thesetwo pages.Out of thetwelve recordsread(i.e., the
recordsin pagesP1,P2andP5) tencorrespondto realob-
jects(i.e., ”useful” records)andtwo arereferencerecords
(from pageP5). Collectively, 83% of threeaccesseddata
pages,P5,P1andP2,areusefulfor ?>6 . Wewill usethecol-
lectiveusefulnessfor ? astheusefulnessof pageP5. That
is, page P5 is 83% useful. The next four recordsof Ver-
sion 2 arestoredin a new page,P6. The logical segment
of pageP6startsfrom theeleventhobjectof Version2 (R2)
andextendsuntil the version’s last object(L1). Material-
izing this logical segmentrequiresaccessingpagesP6,P3
andP4. SinceobjectsX1 andK1 aredeleted,only seven
out of thetwelve recordsfrom thesethreepagesareuseful.
As aresult,pageP6is 58%useful.

The usefulnessof a pagerepresentsthe I/O efficiency
of materializingthe overall logical segmentit contains.If
theusefulnessof a pageis 	 andits logical segmentis ? ,
the total sizeof datapagesaccessedfor materializing? isP D�R!T#UV? WIX 	 . The 83% usefulnessof pageP5 implies that
thetotalnumberof recordsaccessedfor materializing? 6 is
120%of thesizeof ? 6 . That is, only few morerecordsare
accessedthanwhatis needed.Now, let’s formalizethenew
definitionof pageusefulness.

Definition: Considerpage7 andlet ? be the logical seg-
mentit containsfor version( . Let pages7�)^c�7�+'cHGHGCG�c�7�; be



INSERT() {
for (each element, E) {

Insert E in the accepting page until page is full;
if (accepting page is USEFUL) {
Write current accepting page;
Generate a new accepting page; }

else if (accepting page is USELESS) {
Materialize the segment it contains;

}}}

Figure 5. Version Inser tion Algorithm.

theextra pagesneededto be accessedfor materializing? ,
andlet 
 bethesizeof thesepages.Theusefulnessof page
7 for version ( is the ratio of thesizeof ? over the total
sizeof pages7�cI7�)$c�7�+'cHGHGCG�c�7�; :

� ,.�����.�!��g� ��;[-/)i��
To guaranteelow I/O cost, we definea minimum re-

quiredusefulness	 9 ,.; . A pagewill be called � P T^h0�*o as
long as its usefulnessis greateror equalthan 	:9 ,.; . The
next questionis what to do with pageswhoseusefulnessis
below 	�9 ,.; .

For example,assumethat 	�9 ,�; hasbeensetto 40%and
Version3 is representedasin Figure 4. Considerthefirst
four referencerecordsof Version3. If theserecordswere
storedin anew page,saypageP’, materializingthesegment
in P’ requiresreadingpagesP’, P5, P1, P2, P3, and P6.
However, only nineout of thetwentyfour recordsreadare
useful; that is, P’ hasusefulnessonly 37.5%. The costof
materializingthe segmentof P’ is high: 267%, To avoid
high I/O cost, it is betterto materializethe actualobjects
of a uselesspageandclusterthemtogetherin pages.This
effectively createscopiesof actualrecords.

Copy Procedure. Insteadof storingpageP’, thelist ma-
terializationalgorithm in Figure 3 is usedto identify the
actualobjectsof the logical segmentin P’. Theseobjects
arecopiedandstoredsequentiallyin new datapages,P7,
P8,andP9(Figure4). SincepageP9is not full, thelasttwo
recordsin therepresentationof Version3 (namely, M3 and
(V2, (15, 17), 11)) arestoredinto P9 after the last copied
object,B1. The usefulnessof pageP9 is 41.7%because
materializingits segmentinvolvesextra pagesP6 and P4
andfive objectsout of thesethreepagesareuseful. So,P9
is usefulandkeptintact.

The completeversion insertionalgorithm is shown in
Figure5.

3.3. Complexity Analysis
VersionRetrieval I/O Cost. Assumethatthecopy-based
representationof version ( is storedin pages7 ) , 7 + , 7 3 ,
GHGHG , 7 ; andlet ? ) , ? + , ? 3 , GHGCG , ? ; , bethelogical segments
of thesepagesrespectively. Sinceby constructionall these
pagesareuseful,materializingeachsegment, ?A, , is bound
by � X 	 9 ,�; N�P DSR!T!Ut?>, W . The I/O costof materializingthe

completeversionis thesumof theI/O costof materializing
segments?/) , ?A+ , ?A3 , GCGHG , ?>; , which is boundby:

� X 	 9 ,.; N U P DSR'T#Ut?`) W`� P D�R!T#UV?>+ W`� GCGHG � P DSR'T#UV?A; W�W
where

P DSR!T#UV?`) WA� P DSR'T#UV?A+ W`� GHGHG � P DSR'T � ?>; W:� P D�R!T#UV( W
Therefore,theversionretrieval costof version ( is bound
by: P DSR'T#Ut( W�X 	:9 ,�; .

Minimizing Copying. Two further refinementsareused
in the version insertion algorithm to minimize unneces-
sarycopying. To materialize7 we have to accesspages
7�)�cH�.���.c�7�; ; but if 7�) is alsoaccessedto materializethepage
preceding7 it canbeexcludedfrom thecountof 7 . Fur-
thermore,the materializationof the segmentcorrespond-
ing to 7 might write two or morepages.Thenwe might
stopthe materializationassoonasthe first pageboundary
is reached,andreturnto step2 atthatpoint; thesecondpage
andtheotherpagesmight in factbestill useful.

StorageCost. The copy-based	�
���� schemeconsists
of threekindsof records:actualobjectrecords,copiedob-
ject recordsandreferencerecords.Actual objectsinclude
new objectsandupdatedobjects.Sincedeletedobjectsare
not removedfrom storage,they donot affect thesizeof the
database.Thenew objectpartis boundby 1�UV?`@ �HB W .

Thenumberof objectsthatgot copiedonceis boundby
	 9 ,.;8 [?`@ �HB . Objectswhichgotcopiedtwicemustbecopied
from thoseobjectscopiedoncealready. Therefore,thetotal
numberof objectscopiedtwice is boundby 	:9 ,.; +  2? @ �CB .
Similarly, the numberof objectsthat got copied D timesis
boundby 	�9 ,.; ,  �? @ �CB . Collectively, the total numberof
copiedobjectsis boundby :

¡£¢,.¤/) 	 9 ,�; ,  �?A@ �CB � ?A@ �CB N J!KAL�M
)�= J KAL¥M

Finally, thenumberof referencerecordsis thesameasthe
numberof changes.Therefore,the total sizeof reference
recordsis : ?A@ �CB N s
where s denotestheaverageratio betweenthesizeof the
referencerecordsandthedocumentobjects.As aresult,the
totalsizeof referencerecordsis boundby 1�Ut? @ �CB W aswell.

Combiningthesethreeparts, the storageof the copy-
basedUBCC is 1�Ut?A@ �CB W , that is, linear in the size of
changesin theversionevolution.

4. PerformanceAnalysis
Wecomparedtheperformanceof thecopy-basedscheme

with theedit-basedschemeandthebasicRCSapproach.As
a baselinecasewe alsoreporttheperformanceof a “Snap-
shot” scheme,that simply keepsa copy of eachdocument
version.For eachmethodweobservedtheversionretrieval
costandthespaceconsumption.Thepagesizeis setto 4K
bytes. In the first setof experimentswe useda document
evolutionwith thefollowing characteristics:
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Figure 6. Version retrie val and stora ge cost with 50% usefulness requirement.
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Figure 7. Version retrie val and stora ge cost with increasing document size.

< thesizeof eachversionis approximately100pages;< eachversion changesabout 20% from the previous
version(half of thechangesareinsertionsandtheother
half aredeletions);< changes are uniformly and randomly distributed
amongdatapages;< theusefulnessrequirementis 50%;< thedocumentevolutionhada totalof 100versions.

The other two sets of experimentsevaluate how the
schemesbehave when the documentgrows or shrinks in
size.

In thesecondset,insertionsaddup to 10%of thedocu-
mentsizeanddeletionsto 5% of documentsize(for a 5%
of netgrowth). Thethird sethasinsertionsfor 5%of docu-
mentsizeanddeletionsfor 10%of documentsize.

Figure 6 shows the result of the first set. Versionre-
trieval costis measuredasthenumberof pageI/O’sneeded
to reconstructa version. The “Snapshot”schemeclearly
hastheminimumversionretrieval cost,andthemaximum
storagecost,sinceeachversionis alreadystoredin its en-
tirety on disk. Symmetrically, the RCS schemerequires

the leaststoragebut hasthe largestaverageretrieval cost.
Theusefulness-basedschemestrade-off betweenthesetwo
extremesand deliver intermediateperformance.The fig-
ureshows thattheaverageretrieval costfor theusefulness-
basedschemesremainlinearin thesizeof thereconstructed
version by a coefficient that is controlled by 	 9 ,.; . In
thefirst experiment,theaverageversionsizewaskeptun-
changedto about100pages.Theretrieval costof theedit-
basedschemeis approximatelyparallel to the horizontal
axis, for a total costnear150pages,for 	�9 ,�;�� �[�!� . In
the copy-basedschemewhenthe usefulnessof a segment
falls below the threshold,several new pagesarenormally
generated.Becauseof this larger granularity, retrieval for
thecopy-basedschemeshowsmoresubstantialfluctuations
aroundthe smootherline of the edit-basedscheme.Thus,
somevalleys in thecopy-basedcurve approachtheperfor-
manceof thesnapshotcase;its peaksexceedthe150page
level but remainwell below the theoreticalworst caseof
200pages	 9 ,.; � �$�!� . On theaverage,our experiments
clearly show that the retrieval andstorageperformanceof
copy-basedandedit-basedschemesarevery closeto each
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Figure 8. Version retrie val and stora ge cost with decreasing document size.

other, for thesameusefulnessfactor.
Figures 7 and 8 show the resultsof the secondand

the third set. Thecopy-basedschemebehavessimilarly in
boththeincreasingandthedecreasingevolving sizeexper-
iments. Its versionretrieval costcloselyfluctuatesaround
theedit-basedscheme,while theirstoragecostremainclose
to eachother.

5. Conclusion
Dueto thegrowing importanceof versionedXML docu-

ments,wehavebeenseekingstrategiesfor optimizingtheir
storageandretrieval. In a previouspaper, we concentrated
on edit-basedrepresentationsand proposeda usefulness-
basedmanagementtechnique(UBCC) that provides bet-
ter overall performanceand flexibility than more tradi-
tional versioncontrolmethodssuchasRCS[2, 3]. As dis-
cussedin [3], theedit-basedUBCC for multi-versiondoc-
umentsachievesperformancelevels that aretypically bet-
ter than thoseobtainableusing techniquesdevelopedfor
transaction-timedatabasesandpersistentobjectsmanagers.

In this paperwe developeda copy-basedrepresentation
techniquethat in termsof generalityandflexibility of rep-
resentationis superiorto theedit-basedrepresentationsfa-
voredby all previousauthors.A maincontribution of this
paperhasbeento extendtheusefulnessbasedmanagement
to ournew copy-basedscheme,asto achievethesamelevel
of performanceonstorageandretrieval asthatobtainedus-
ing the edit-basedUBCC. Our copy basedschemestores
andretrieveseachversionasa list of sublistswithout us-
ing edit scripts. This new schememinimizesthe version
retrieval I/O overheadandoffersthefollowing advantages:< changessuchasdocumentreorganization,andreplica-

tion of selecteddocumentobjectsaresupportedalong
with thetraditionalinsertion,deletionandupdatessup-
portedby theedit scripts,< list representation(unchangedsegment records)are
storedwith actualobjects,eliminatingthe needfor a

separateedit script. Only net effect of changesare
used,andintermediatechangesarefactoredout,< multiple concurrentversionscan be supportedalong
with successive temporalversions.
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