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Abstract

Managing multiple versions of XML documentsand
semistructued datarepresentsa problemof growinginter-
est. Traditional version contol methodssud asRCS,use
editscriptsrepresentinghangesin thedocumento support
the incrementalreconstructionof different versions. The
edit-basedapproadceshavebeenrecentlyenhancedvith a
replicationschemecalled UBCC [2]. UBCCis basedon
thenotionof pageusefulnessndensueseffectivemanae-
mentfor multi-veisiondocumentén termsof bothretrieval
and storage cost. Theseimprovementsnotwithstanding
theedit-basedepresentatiorsufers fromlimited geneality
andflexibility—e.g., it cannotrepresentchangessud asre-
arrangingthe documenbr duplicatingparts of its content.
To solvetheseproblems the paperproposesa copy-based
UBCC versioning scheme which also providesa simpler
format for the electionic exchange of multi-version docu-
ments. With the objectiveof matding the performanceof
theedit-basedJBCCtechnique wedevelopalgorithmsthat
enhancethe copy-basedJBCC schemewith page useful-
nessmanaementWe alsopresentesultsof variousexper
imentsthattestthestorage andretrieval performancenfthe
new copy-base@pproad, and compae it with that of the
edit-basedJBCCapproach.

1. Intr oduction

The problemof managingmultiple versionsfor XML
andsemistructuredlocumentss of significantinterestfor
contentproviders and cooperatie work. The XML stan-
dardis consideringhis problemat thetransportevel. The
WEBDAV working group[8] is developinga standardex-
tensionto HTTP to supportversioncontrol, metadataand
namespacemanagemengndoverwriteprotection.

Traditional documentversion managementschemes,
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suchasRCS[6] andSCCS[5], areline-orientedandsuffer
from variouslimitations and performanceproblems. For
instance,RCS [6] storesthe most currentversionintact
while all otherrevisionsarestoredasreverseeditingscripts.
Thesescriptsdescribehow to go backward in the docu-
ments developmenthistory For ary versionexceptthe
currentone, extra processingis neededto apply the re-
verseediting scriptto generatehe old version. Insteadof
appendingversiondifferencesat the endlike RCS,SCCS
[5] interlearesediting operationsamongthe original docu-
ment/sourceodeandassociatea pair of timestampgver
sionids) with eachdocumensgmentspecifyingthe lifes-
panof thatsegment. Versionsareretrieved from an SCCS
file via scanningthroughthe file andretrieving valid seg-
mentsbasedn theirtimestamps.

Both RCSand SCCSmay readsegmentswhich are no
longervalid for theretrieved (target) version,causingaddi-
tional processingosts. For RCS,thetotal I/O costis pro-
portionalto the size of the currentversionplus the size of
changedrom the retrieved versionto the currentone. For
SCCS,the situationis even worse: the whole versionfile
needso bereadfor any versionretrieval. To reduceversion
retrieval costRCSmaintainsanindex onthevalid segments
of eachversion,but still thesesegmentsmight be stored
sparselyamongpagesgeneratedn differentversions,and
thislack of clusteringcancostmary additionalpagel/Os.

Finally, RCSandSCCSdonotpreserethelogical struc-
ture of the original documentihis makesstructure-related
searchen the XML documentdifficult and expensve
to support—reconstructionf a whole version might be
neededeforeits componenbbjectscanbeidentified.

Recentlywe enhancedhefamily of edit-basedchemes
with areplicationschemegcalledUBCC [2]. To ensure
thatall versionscanbe reconstructeavith 1/0 costthatis
proportionalto theversionssize,the U BCC schemeelus-
tersvalid objectsof a givenversionin few datapages.This
is achieved throughthe notion of page-usefulnessWhen
the numberof valid objectsin a pagefalls below a thresh-
old, all pageobjectsthatarestill valid arecopiedto another
page.A versionis thenreconstructeddy only accessingise-
ful pageqi.e.,pagedilled mostlywith objectsthatarevalid



for theversion).Reconstructing particulardocumentver-
sionis equivalentto finding thevalid objectscomprisingthe
versionandproducethemin the correctlogical ordet

However, in spiteof theseimprovementsthe edit-based
representatiorof versionssufers from limited generality
andflexibility . For example,it cannot efficiently represent
changessuchas documentcontentrearrangingand docu-
mentrestructuring. To solve theseproblems,we propose
a new copy-basedversioning scheme which getsrid of
edit scriptsand usesthe conceptof commonsementsto
represenversions. This new schemealsoprovidesa sim-
pler, moreflexible format which canbe usedfor the elec-
tronic exchangeof multi-versiondocumentsWWW-based
cooperatre authoringandversioningactiities. In addition,
with the objective of matchingthe U BCC’s performance,
we developalgorithmsthatenhancehe copy-basedscheme
with the usefulness-bagegagemanagemennethodusedin
UBCC. After formalizingthe algorithmsusedin the two
methodswe presenthe resultsof variousexperimentsto
testandcomparethe performancef thesetwo strateies.

Therestof thepaperis organizedasfollows: in the next
section,we review the edit-based/ BCC scheme.Then,
the new copy-basedschemeand its usefulness-baseith-
provementare proposedn Section3 and4. The perfor
manceis evaluatedn Section5.

2. The Edit-BasedU BCC Scheme

The RCSschemeperformswell whenthe changedgrom
aversionto the next areminimal. For instance considera
first casewhereonly 0.1% of thedocumenis changede-
tweenversions Then,reconstructinghe 100 versiononly
requires10% retrieval overhead But RCSperformspoorly
when the changesgrow larger.  For instance,if 70% of
thedocumenthangebetweerversionsthenretrieving the
100" versioncouldcost70 timesretrieving thefirstone! In
thisseconcdase storingcompletetime-stampedersionss
a muchbetterstratgy, costingzerooverheadn retrieving
eachversionandonly a limited (43%) storageoverhead.
Most real-life situationsrangebetweenthesetwo cases—
with minor revisionsandmajorrevisionsoftenmixedin the
history of a document. Thus, an adaptableself-adjusting
methodis neededthatin onecaseoperateasRCS,while
in the secondcasetend to store completetime-stamped
copies.TheUBCC schemalescribedext achievesthis de-
sirablebehaior by memging the old RCS schemewith an
usefulness-basecbpy control scheme. A detailedstudy
of the performanceof this methodwas presentedn [3],
where its performancewas comparedagainsttechniques
thatusemulti-versionB-treesand partially persistentists.

In general,the performanceof the new usefulness-based

schemavasbetterthanthatof the otherschemesyhichare
basedon techniquesoriginally developedfor transaction-
time databaseandpersistenbbjectstoreq3].

2.1 PageUsefulness

For simplicity assumehatthedocuments evolution cre-
atesversionswith alinearorder: V1, V5, ..., whereversion
V; is beforeversionV;;1. Hencea new versionis estab-
lishedby applyinga numberof changegobjectinsertions,
deletionsor updates}o the latestversion. To further sim-
plify thediscussionye only considetinsertionanddeletion
changegqan updatecan be representedy a deletionfol-
lowed by aninsertionof the updatedobject). Note thatan
objectdeletionat versionV; is not physicalbut logical: the
previousversionof the objectis maintainedsinceit is valid
for someearlierversion(s) Clearly, basenthechange
theversionevolution, anobjectis associateavith alifetime
interval of the form: [insertionversion,deletionversion).
An objectis valid for all versiondn its lifetime interval.

Initially we may assumehat objectsin the documents
very first versionare physically storedin pagesaccording
to theirlogical order After anumberof changespbjectsof
a specificversionmay be physically scatterecarounddif-
ferentdisk pagesMoreover, a pagemay storeobjectsfrom
differentversions. Hence,whenretrieving a specificver-
sion,a pageaccesgread)may not be completely“useful”.
Thatis, someobjectsin an accesseghagemay be invalid
for the tarmgetversion. For example,assumehatat version
V1, adocumentonsistf five objectsO,, 02, O3, O4 and
Os whoserecordsarestoredin datapageP. Let thesizeof
theseobjectsbe 30%,10%,20% 25% and15% of the page
size,respectiely. Considerthe following evolving history
for this document:At versionVs;, objectO- is deleted;at
V3, objectO; is updatedat V4, objectOj is deleted andat
versionVs, objectO; is deleted.

We definethe usefulnes®f a full pageP, for a given
versionV, asthe percentag®f the pagethat corresponds
to valid objectsfor V. HencepageP is 100% useful for
versionV;. Its usefulness$alls to 90%for versionVs, since
objectO, isdeletecat V. Similarly, P is 70%usefulduring
versionVs. Theupdateof O3 invalidatests corresponding
recordin P (a new recordfor O3 will be storedin another
pagesinceP is full of records).Finally pageP fallsto 25%
usefulnessifterVs.

Usefulnessnfluenceshow well objectsof a given ver
sionareclusterednto pages.High usefulnessmpliesthat
the objectsof a given versionare storedin fewer pages,
i.e., this versionwill be reconstructedy accessingewer
pagesClearly apagemaybemoreusefulfor someversions
andlessfor others.We would like to maintaina minimum
pageusefulnessl,.;», over all versions(settingthis min-
imum is a performancegarametenf our schemes) When
a pages usefulnesdgalls below the minimumthe currently
valid recordsin this pagearecopiedto anotherpage. This
is similar to the "time-split” operationin temporalindex-
ing [7] [4]. Reconstructing givenversionis thenreduced
to accessingnly the useful pagesfor this version;this is



VERSI ON 1

Dat a Pages UBCC Script E3
L LR + ins(Al, 1, pl),ins(RL, 2, pl),
pl | Al, R1, T1, UL | ins(T1, 3, pl),ins(U1,4,pl),
R + ins(P1,5,p2),ins(l1,6,p2),
p2 | P1, 11, N1, M | ins(N1, 7,p2),ins(M, 8, p2),
oo + ins(QL, 9, p3),ins(Z1, 10, p3),
p3 | Q, Z1, B1, X1 | ins(B1, 11, p3),ins(X1, 12, p3),
Fo e + ins(D1, 13, p4),ins(HL, 14, p4),
p4 | D1, H1, K1, L1 | ins(K1, 15, p4),ins(L1, 15, p4).
Fommmmmmeemeaaaaan +
VERSI ON 2
Dat a Pages UBCC Script E3
L e R + ins(@, 5, p5),ins(T2, 6, p5).
p5 | &, T2, R2 | ins(R2, 11, p5),
R L R + del (X1, 15), del (K1, 17).
VERSI ON 3
Dat a Pages UBCC Script E3
L LR + del (T1, 3), del (&2, 4),
p6 | Z1, Bl, D1 | del (T2, 4), del (R2, 8),
R R + del (21, 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 UBCC version file.

very fast since eachuseful pagecontainsa good part of
the requestedrersion. Furthermorejt canbe proved that
theoverall spaceusedby the databaseemaindinearin the
numberof changesn the documentsversionhistory[2].

2.2 An Example

Considerthe versionsshowvn in Figure 2. In the edit-
basedUBCC scheme the first versionis storedsequen-
tially in pagesP1, P2,P3andP4. We have assumedhat
eachpagecancontainat most4 objects.Let U,,,;», be70%.
PagesP1,P2,P3andP4areall 100%usefulfor Versionl.

Version2 is createdby the following changesinsert G2
after U1, insert T2 after G2, insertR2 after M1, deleteX1, delete
K1. After applyingthesechangespages?3andP4become
75% useful (since X1 andK1 are not part of Version?2).
PagesP1andP2remain100%useful. Sinceall pagesare
usefulno copying is needed.New objectsG2, T2 andR2
arethenstoredin anew pageP5.

UBCC Edit Script. To be ableto reconstructry ver
sion,we needto recordanedit script for eachversion.The
scriptfor Version2, E2,is shavn in Figurel. E2is derived
from theoriginal edit scriptasfollows:

e Eachcopiedobijectis treatedasa deleteoperatiorfol-
lowedby aninsertoperation.

e Attachto eachoperatiorthepositionof its targetobject
in thenew version.

Note that, the positionassociatedo a deletedobjectis
its positionin the new versionasif it wasnot deleted.For
example thepositionof X1 is 15in thenew versionif it was
not deleted so, the deleteoperationdel(X1) hasa position
valueof 15. Thesepositionvaluesareusefulfor recovering
thelogical objectorderandarefurtherdiscussedbelow.

Version3, is generatedby the following changesdelete
T1, deleteG2, deleteT2, deleteR2, deleteQ1, deleteH1, delete
L1 Asaresult,pages3,P4,andP5becomes0%,25%,and
0% useful,respectiely. As aresult,thevalid objectsin P3
andP4,71,B1, and D1 mustbe copied. New objectsand
copiedobjectsare storedinto a new datapageP6 in their
sequentiabrderin Version3. The edit script, E3, for Ver-
sion3 is shovn in Figurel. For eachcopiedobject,a pair
of operations—ondeletionfollowedby oneinsertion—are
addednto theedit script.

Version Reconstruction. Considerretrieving version
V;. Sincethe objectsof V; may be storedin datapages
generatedh versionsVy, Vs, ..., V;_1 andV;, theseobjects
may not be storedin their logical order Thereforethefirst
stepis to reconstructhe logical orderof V; objects. The
logical orderis recoveredin a gap-filling fashionbasedon
theeditscripts.Wewill explainthealgorithmby describing
haw to reconstruc¥ersion3.

Thereconstructiorstartsby retrieving thefirst objectof
Version3 from its edit script, E3. We try to find the first
objectin the first edit operation. However, we geta gap
from theoperation.Thepositionvalueof thefirst operation,
del(T1,3) is 3. Thatmeanswe missthe first two objects
andneedto fill the gapfrom the previousversion,Version
2. Recursiely, we startto retrieve the first two objectsof
Version2. This retrieval startsfrom the first operationof
E2,ins(G2,5, p5). We getagapagainandneedto retrieve
two objectsfrom its previousversion,Versionl. FromE1,
we find the first two objectsof Version1 andreturnthem
to Version2. Recursiely, thesetwo objectsare sentback
to Version3. WhenVersion3 recevesthesetwo recordsijt
readghedatapageP1whichcontainghesewo objects A1
andR1, andoutputthem. PageP1lis keptin mainmemory
becausat still containsone valid object, U1, for Version
3. Thereconstructiorof Version3 continuesrom the pre-
vious stoppoint, del(T1,3) andthe next objectis the third
object. Sincethe currentoperationis a delete,that means
its targetobjectis deletedrom the previousversion.There-
fore, Version3 requestghe next objectof Version2 andit
is expectedo be T1. To answerttherequesfor next object,
Version2 needgo retrieve its third object,becausdts first
two objectshave beenretrieved in the previousrun. In a
similar manney Version2 needso requesibnenext object
from Versionl becausedf its ins(G2,5,P5)operation. As
expectedthereturnedrecordis ins(T1,3,P1) Therecordis
recursvely returnedo Version3 andnullified by thedelete
operationdel(T1,3). However, atthis pointthethird object



VERSI ON 1

INS(@ after Ul) A1, Rl, T1, UL, (Vi, (1, 4), 1), GI,
INS(T2 after @) @&, T2, P1, 11, T2, (Vi, (5 8), 7),
INS(R2 after M) N1, M, R2, Ql, R2, (V1,(9,11),12),

DEL( X1) 71, B1, D1, H1, (V1, (13, 14), 15),
DEL (K1) L1. (V1, (16, 16), 17).
VERSI ON 3

Diff Snapshot Copy- Based Model
DEL(T1) Al, R1, U1, P1, (V2, (1, 2), 1),
DEL( &, T2) 11, N1, M, Z1, (V2, (4, 4), 3),
DEL(R2, Q1) B1, M8, D1, H1, (V2, (7, 10), 4),
INS(MB after Bl) L1. (Vv2, (13, 14), 8),

M8, (V2,(15,17),11).

Figure 2. A sample copy-based version rep-
resentation.

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

The detailedversionreconstructioralgorithmis avail-
ablein [2]. Furthermore, [3] presentsan improvement
of the schemeahatusesscriptsnapshotso improve perfor
mance.Let S, denotethetotal numberof changesn the
versionevolution, whichincludesinsert,update anddelete
operations. Then, it was shavn in [3] that the total size
of the edit script andthe size of the databasd€actualand
copiedobjects)remainslinearin S.,4. Assuminga buffer
of ¢ pagesn memory to reconstruciersionV; we needto
readeditscriptsE; - - - E; andonly theusefulpagesof ver-
sionV;. If B denoteghe pagesize,the numberof useful

pagesof versionV; is boundedby p— x size(V;)/B.

3. The Copy-BasedScheme

We will usethe samesampledocumentand versions
from the previous section(shavn in Figure 1) to illustrate
thecopy-basedschemeVersionsn thecopy basedscheme
arerepresentedsa list of the following two kinds of ob-
jects:

o refeencerecodswhichdenotemaximumconsecutie
unchangedbject sggmentsthat are in commonbe-
tweenthenew versionandtheold version,and

e actualobjectrecods

Thecopy-basedepresentationf theinitial version Ver
sion 1, is the versionitself. Version2 is generatedy the
following changedo Versionl :

Insert G2, T2 after Ul; Insert R2 after M1,
Delete X1; DeleteK1.

Then,Version2, is representedly the new objectsinserted
in Version2 andthefive maximalcommonsegmentsshared
with Versionl: ( Al, R1,T1, Ul), (P1,11, N1, M1), (Q1,
Z1,B1),(D1,H1),and(L1).

Each commonsegmentis representedy a refeence
recod of theform:

(V#,Common_Segment_Re ference, New_Position)

where V# is the previous version, Common_ Segment._

Reference is apair of positionvaluesspecifyingthe start-
ing positionand end position of the commonsegmentin

the previous versionV#, andNew_Position denoteghe po-

sition of the commonsegmentin the new version. For ex-

ample thereferenceecord(V1, (1, 4), 1) refersto thefirst

commonsegment- (Al, R1, T1, U1) - which startsfrom

the first objectof Version1 andendsat the fourth object.
Thepositionvalue, 1, impliesthatthis segmentis placedat
thebeginning(first position)in the new version.Therefore,
Version2 is representedsthefollowing list:

(V1,(1,4),1),G2,72,(V1,(5,8),7), R2,
(V1,(9,11),12),(V1,(13,14),15), (V1,(16,16),17)

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

(V2,(1,2),1),(V2, (4,4),3),(V2,(7,10),4),
(V2,(13,14),8), M3, (V2,(15,17),11).

Restructuring and Duplicating. It is oftenthe casethat
two sectionsof the old version are switchedin a new
version. Also somepassagesnd footnotesmight be re-
peatedat variouspointsin the documentsOur copy based
representatiomandlesthesechangesvia simplereference
records,whereaghe edit script basedversionrequiresthe
re-insertiorof themovedsectionsandtherepeateabijects.

3.1 VersionRetrieval

Whenreconstructing: versionfrom the copy-basedep-
resentationsomeof the versionobjectsarematerializedy
traversingreferenceecords.Let’s take Version3 asan ex-
ample. Thefirst referenceecordof Version3, (V2, (1, 2),
1), refersto the first two objectsof Version2. To locate
the first two objectsof Version?2 its copy-basedrepresen-
tationis checled. The first referencerecordof Version2,
(V1, (1, 4), 1), impliesthatits first two objectsarethefirst
two objectsof Versionl. Therefore,recursvely, the first
two objectsof Version3, namely A1 andR1, arefoundin



COPY(int V_NUM int START_PCS, int END_PQOS) {
RESULT_LI ST = NULL;
CUR_PCS = START_PCS;
LI ST_ELEMENT = the list el ement of Version V_NUM
whose position is at START_PCS;
whil e (CUR_PCS <= END_PGCS)
{ if (LIST_ELEMENT == an actual object) {
append LI ST_ELEMENT to RESULT_LI ST;
LI ST_ELEMENT = next el ement fromversion V_NUM}
else if (LIST_ELEMENT == (v_n, start, end, new)
/* a reference record */) {
CAR of _LI ST = COPY(v_n, start, start);
CDR of _LIST = (v_n, start + 1, end, new + 1);
append CAR of _LI ST to RESULT_LI ST;
if (CDR of _LIST is not an enpty list)
LI ST_ELEMENT = CDR of _LI ST;
el se
LI ST_ELEMENT = next el ement from version V_NUM

}
CUR_PCS ++;}
return RESULT_LI ST;

Figure 3. List Materialization Algorithm.

Versionl. The secondecordof Version3, (V2, (4, 4), 3),
refersto thefourthobjectof Version2. Again,thefirstrefer
encerecordof Version2 is usedto referto thefourth object
of Versionl wherethe actualobject, U1, is found. The
above recursve sggmentlocating procedureis appliedto
eachreferenceecorduntil correspondingctualobjectseg-
mentsarefound. Thedetailedversionretrieval algorithmis
shavnin Figure3.

DocumentSegmentRetrieval. Theprocedureisedo re-
trieve the whole documentanalsobe usedto retrieve ary
portion of the document. For instance to materializethe
segmentof versionV2 from object 24 till object 32 you
needto simply call thelist materializatioralgorithmof Fig-
ure 3 by (V2, 24, 32). The usefulness-basedanagement
discusseaext makesuseof this property

3.2 Modified PageUsefulness

In orderto improve performancewe developalgorithms
that enhancethe abore copy-basedschemewith a use-
fulnessclustering scheme. This schemeis a modifica-
tion of the pageusefulnessnanagementsedin edit-based
UBCC. To simplify the discussionwe assumehat refer
encerecordshave the samesizeastheactualobjectrecords
(whereaghey arenormally smaller). Moreover, in our ex-
amplesapageholdsfour (objector referenceyecords.

In thecopy-based/ BC'C schemethereferenceandac-
tual objectrecordsof a versionarestoredin datapagesse-
guentiallyby their logical order Versionl hasonly actual
objects,so its objectsare storedsequentiallyin four data
pagesP1,P2,P3andP4,asshavnin Figure4.

The representationf Version2 containsbothreference
andactualrecords.Thefirst four of theserecordsarestored
in a new datapageP5. Considerthe overall“logical” sey-
mentcorrespondindo pageP5, which we will denoteSs.

VERSI ON 1
Dat a Pages Page | ndex
P1: A1(1l) R1(2) T1(3) UL(4) P1(1, 4)
P2: P1(5) 11(6) NI(7) ML(8) P2(5, 8)
P3: QL(9) Z1(10) B1(11) X1(12) P3(9, 12)
P4: D1(13) H1(14) K1(15) L1(16) P4(13, 16)
VERSI ON 2
Dat a Pages Page | ndex
P5:  (V1, (1, 4), 1), P5(1, 10)
G2(5), T2(6), P6( 11, 17)
(Vv1, (5, 8), 7)
P6: R2(11), (V1, (9, 11), 12),
(vi, (13, 14), 15),
(vi, (16, 16), 17),
VERSI ON 3
Dat a Pages Page | ndex
P7: Al, RL, UL, Pl P7(1, 4)
P8: 11, N1, M, Z1 P8(5, 8)
P9:  B1, M3, (V2, (15, 17), 11) P9(9, 13)

Figure 4. A sample copy-based UBCC ver-
sion file.

Thislogical sggmentstartsfrom thefirst objectin Version2
andextendsuntil the 10°* objectof Version2. To physically
materializeSs, page$?1landP2mustalsobeaccessedThis
is becausesomeactualobjectsof S; are physicallystored
in thesetwo pages.Out of thetwelve recordsread(i.e., the
recordsin pagesP1,P2andP5)ten correspondo real ob-
jects(i.e., "useful” records)andtwo arereferencerecords
(from pageP5). Collectively, 83% of threeaccessediata
pagesP5,PlandP2,areusefulfor S;. Wewill usethecol-
lectiveusefulness$or S asthe usefulnes®f pageP5. That
is, page P5 is 83% useful. The next four recordsof Ver
sion 2 arestoredin a nev page,P6. Thelogical sgment
of pageP6 startsfrom the eleventhobjectof Version2 (R2)
and extendsuntil the versions last object(L1). Material-
izing this logical sgmentrequiresaccessingpagesP6, P3
andP4. SinceobjectsX1 andK1 aredeleted,only seven
out of thetwelve recordsfrom thesethreepagesareuseful.
As aresult,pageP6is 58%useful.

The usefulnesof a pagerepresentghe I/O efficiengy
of materializingthe overall logical sggmentit contains. If
the usefulnes®f a pageis U andits logical segmentis S,
the total size of datapagesaccessedor materializing$ is
size(S)/U. The 83% usefulnesof pageP5 implies that
thetotal numberof recordsaccessetbr materializingSs is
120%of thesizeof S;. Thatis, only few morerecordsare
accessethanwhatis neededNow, let’s formalizethe nev
definitionof pageusefulness.

Definition: ConsidempageP andlet S be thelogical sey-
mentit containdor versionV. Letpagesh, P, - - -, P, be



I NSERT() {
for (each element, E) {

Insert E in the accepting page until page is full;

if (accepting page is USEFUL) {
Wite current accepting page;
Generate a new accepting page; }

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

11}

Figure 5. Version Insertion Algorithm.

the extra pagesneededo be accessedor materializings,
andlet B bethesizeof thesepagesTheusefulnessf page
P for versionV is theratio of the sizeof S over thetotal
sizeof pagesP, P, Py, ---, P, :

size(S)
0 Bx(n+1)

To guarantedow 1/O cost, we definea minimum re-
quiredusefulnesd/,,,;»,. A pagewill becalleduseful as
long asits usefulnesss greateror equalthanU,,;,,. The
next questionis whatto do with pagesvhoseusefulnesss
belov U, ,in.

For example assumehatU,,,;, hasbeensetto 40%and
Version3 is representedsin Figure 4. Considerthe first
four referencerecordsof Version3. If theserecordswere
storedn anew page saypageP’, materializingthesegment
in P’ requiresreadingpagesP’, P5, P1, P2, P3, and P6.
However, only nine out of the twentyfour recordsreadare
useful;thatis, P’ hasusefulnes®nly 37.5%. The costof
materializingthe segmentof P’ is high: 267%, To avoid
high I/O cost, it is betterto materializethe actualobjects
of a uselesgpageandclusterthemtogetherin pages.This
effectively createsopiesof actualrecords.

Copy Procedure. Insteadof storingpageP’, thelist ma-
terializationalgorithmin Figure 3 is usedto identify the
actualobjectsof the logical sgmentin P’. Theseobjects
are copiedand storedsequentiallyin nenv datapages,P7,
P8,andP9(Figure4). SincepageP9is notfull, thelasttwo
recordsin therepresentatioof Version3 (namely M3 and
(V2, (15, 17), 11)) arestoredinto P9 after the last copied
object,B1. The usefulnesof pageP9is 41.7% because
materializingits sggmentinvolves extra pagesP6 and P4
andfive objectsout of thesethreepagesareuseful. So, P9
is usefulandkeptintact.

The completeversioninsertionalgorithmis shavn in
Figure5.

3.3 Complexity Analysis

VersionRetrieval I/O Cost. Assumethatthecopy-based
representationf versionV is storedin pagesP;, Pz, Ps,

---, P, andlet Sy, S5, S3, - - -, Sp,, bethelogical sgments
of thesepagegespectiely. Sinceby constructiorall these
pagesare useful,materializingeachsegment,.S;, is bound
by 1/Upmin % size(S;). Thel/O costof materializingthe

completeversionis the sumof the I/O costof materializing
s@gmentsSy, Sa, Ss, - - -, Sy, whichis boundby:

1/Upmin % (size(S1) + size(Sa) + - -- + size(Sy))
where

size(S1) + size(S2) + - - - + size(Sp) = size(V)

Therefore the versionretrieval costof versionV is bound
by: size(V)/Unmin.

Minimizing Copying. Two further refinementsare used
in the version insertion algorithm to minimize unneces-
sary copying. To materializeP we have to accesages
Py, ..., P,; butif P, is alsoaccessetb materializethepage
precedingP it canbe excludedfrom the countof P. Fur
thermore,the materializationof the sggmentcorrespond-
ing to P might write two or more pages. Thenwe might
stopthe materializatioras soonasthe first pageboundary
is reachedandreturnto step2 atthatpoint; thesecondgage
andthe otherpageamightin factbestill useful.

Storage Cost. The copy-basedU BCC schemeconsists
of threekinds of records:actualobjectrecords copiedob-

ject recordsandreferencerecords. Actual objectsinclude
new objectsandupdatedobjects.Sincedeletedobjectsare
notremovedfrom storagethey do not affectthe sizeof the

databaseThenew objectpartis boundby O(Schy).

The numberof objectsthatgot copiedonceis boundby
Unmin*Schg. Objectswhichgotcopiediwice mustbecopied
from thoseobjectscopiedoncealready Thereforethetotal
numberof objectscopiedtwice is boundby U,,,i, 2 * Sechg-
Similarly, the numberof objectsthat got copieds timesis
boundby Upnin® * Secng. Collectively, the total numberof
copiedobjectsis boundby :

o i _ Umin
2ict Umin® * Schg = Scng X T—Umin

Finally, the numberof referenceaecordsis the sameasthe
numberof changes.Therefore the total size of reference
recordss:
Schg x K

where K denoteghe averageratio betweerthe size of the
referenceecordsandthedocumenbbjects.As aresult,the
total sizeof referenceecordss boundby O(S.4) aswell.

Combining thesethree parts, the storageof the copy-
basedUBCC is O(Schy), that is, linear in the size of
changesn theversionevolution.

4. Performance Analysis

We comparedheperformancef thecopy-basedscheme
with theedit-basedchemendthebasicRCSapproachAs
a baselinecasewe alsoreportthe performanceof a “Snap-
shot” schemethat simply keepsa copy of eachdocument
version.For eachmethodwe obseredthe versionretrieval
costandthe spaceconsumptionThe pagesizeis setto 4K
bytes. In the first setof experimentswe useda document
evolution with thefollowing characteristics:
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o thesizeof eachversionis approximately100pages;

e eachversion changesabout20% from the previous
version(half of thechangesireinsertionsandtheother
half aredeletions);

e changesare uniformly and randomly distributed
amongdatapages;

e theusefulnessequirements 50%;

e thedocumengevolution hadatotal of 100versions.

The other two setsof experimentsevaluate how the
schemedehae when the documentgrows or shrinksin
size.

In the secondset,insertionsaddup to 10% of the docu-
mentsizeanddeletionsto 5% of documentize (for a 5%
of netgrowth). Thethird sethasinsertionsfor 5% of docu-
mentsizeanddeletiongfor 10%of documensize.

Figure 6 shaws the result of the first set. Versionre-
trieval costis measureésthe numberof pagel/O’s needed
to reconstructa version. The “Snapshot”schemeclearly
hasthe minimum versionretrieval cost,andthe maximum
storagecost, sinceeachversionis alreadystoredin its en-
tirety on disk. Symmetrically the RCS schemerequires

the leaststoragebut hasthe largestaverageretrieval cost.
Theusefulness-basesthemegrade-of betweernthesetwo
extremesand deliver intermediateperformance. The fig-
ureshavsthatthe averageretrieval costfor the usefulness-
basedschemesemainlinearin thesizeof thereconstructed
versionby a coeficient that is controlled by U,,;,. In
thefirst experiment,the averageversionsizewaskeptun-
changedo about100 pages.Theretrieval costof the edit-
basedschemeis approximatelyparallel to the horizontal
axis, for atotal costnear150 pagesfor U,;n = 50%. In
the copy-basedschemewhenthe usefulnesof a segment
falls below the threshold,seseral nev pagesare normally
generated.Becauseof this larger granularity retrieval for
the copy-basedschemeshavs moresubstantiafluctuations
aroundthe smoothetine of the edit-basedscheme.Thus,
somevalleys in the copy-basedcurve approactthe perfor
manceof the snapshotase;its peaksexceedthe 150 page
level but remainwell belov the theoreticalworst caseof
200 page in, = 50%. Ontheaverageour experiments
clearly show thatthe retrieval and storageperformanceof
copy-basedand edit-basedschemesrevery closeto each
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other for the sameusefulnes$actor

Figures 7 and 8 show the resultsof the secondand
thethird set. The copy-basedschemebehaessimilarly in
boththeincreasingandthe decreasingvolving sizeexper
iments. Its versionretrieval costcloselyfluctuatesaround
theedit-basedchemewhile their storagecostremainclose
to eachother

5. Conclusion

Dueto thegrowing importanceof versionedXML docu-
mentswe have beenseekingstratgiesfor optimizingtheir
storageandretrieval. In a previous paper we concentrated
on edit-basedrepresentationand proposeda usefulness-
basedmanagementechnique(UBCC) that provides bet-
ter overall performanceand flexibility than more tradi-
tional versioncontrolmethodssuchasRCS|[2, 3]. As dis-
cussedn [3], the edit-basedJBCC for multi-versiondoc-
umentsachieves performancdevels that aretypically bet-
ter than those obtainableusing techniquesdevelopedfor
transaction-timelatabaseandpersistenbbjectsmanagers.

In this paperwe developeda copy-basedepresentation
techniquethatin termsof generalityandflexibility of rep-
resentations superiorto the edit-basedepresentationta-
voredby all previous authors. A main contritution of this
paperhasbheento extendthe usefulnesbasednanagement
to our new copy-basedschemeasto achieve thesamdevel
of performancen storageandretrieval asthatobtainedus-
ing the edit-basedJBCC. Our copy basedschemestores
andretrieveseachversionasa list of sublistswithout us-
ing edit scripts. This new schememinimizesthe version
retrieval I/O overheadandoffersthefollowing advantages:

e changesuchasdocumenteomganizationandreplica-

tion of selecteddlocumenbbjectsaresupportechlong
with thetraditionalinsertion,deletionandupdatesup-
portedby the edit scripts,

e list representatio{unchangedsegment records)are

storedwith actualobjects,eliminatingthe needfor a

separateadit script. Only net effect of changesare
used,andintermediatechangesrefactoredout,

e multiple concurrentversionscan be supportedalong
with successie temporalversions.
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