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Abstract

In a temporalOODB, an OID index (OIDX) is
neededto map from OID to the physical loca-
tion of the object. In a transactiontime tempo-
ral OODB, the OIDX shouldalso index the ob-
jectversions.In thiscase,theindex entries,which
we call object descriptors (OD), alsoincludethe
commit timestampof the transactionthatcreated
theobjectversion. TheOIDX in a non-temporal
OODB only needsto be updatedwhenan object
is created,but in a temporalOODB, the OIDX
has to be updated every time an object is updated.
This haspreviously beenshown to bea potential
bottleneck,andin this paper, we presentthePer-
sistent Cache (PCache),a novel approachwhich
reducestheindex updateandlookupcostsin tem-
poral OODBs. We develop a costmodelfor the
PCache,and use this to show that the useof a
PCachecanreducetheaverageaccesscostto only
a fractionof thecostwhennot usingthePCache.
Even thoughthe primarycontext of this paperis
OID indexing in a temporalOODB, the PCache
canalsobeappliedto generalsecondaryindexing,
andcan be especiallybeneficialfor applications
whereupdatesarenon-clustered.

1 Intr oduction

In atransactiontimetemporalobject-orienteddatabasesys-
tem(TOODB),updatinganobjectcreatesanew versionof
theobject,but theold versionis still accessible.A system
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maintainedtimestampis associatedwith every objectver-
sion,usuallythecommittimeof thetransactionthatcreated
thisversionof theobject.

An important featureof OODBs, is that an object is
uniquelyidentifiedby an object identifier (OID), andthat
the object can be accessedvia its OID. The OID can be
physical,which meansthat the disk pageof the object is
givendirectly from theOID, or logical, which meansthat
anOID index (OIDX) is neededto mapfrom logical OID
to thephysicallocationof theobject.In aTOODB,logical
OIDs is themostreasonablealternative,becauseanOIDX
is necessaryanyway to index theobjectversions.Theen-
tries in theOIDX, which we call object descriptors (OD),
containadministrative information,including information
to do the mappingfrom logical OID to physicaladdress,
andthecommit timestamp.TheOIDX canbequite large.
In non-temporalOODBs,a typical size is in the orderof
20%of thesizeof thedatabaseitself [2]. This meansthat
in general,only asmallpartof theOIDX fits in mainmem-
ory, and that OIDX retrieval can becomea bottleneckif
efficientaccessandbufferingstrategiesarenotapplied.

An importantdifferencebetweenOIDX managementin
non-temporalandTOODBs,is that with only oneversion
of an object (non-temporal),the OIDX needsonly to be
updatedwhena new object is created.This canbe done
in anefficientappend-onlyoperation[2], andwecanfocus
on optimizingOIDX lookups. In a TOODB however, the
OIDX mustbeupdatedevery time an object is updated. An
objectupdatecreatesanew objectversion,withoutdeleting
thepreviousversion,hence,a new OD for thenew version
hasto beinsertedinto theOIDX. Theindex pageswill usu-
ally have low locality (theuniquepartof anOID is usually
anintegerthatwill alwaysbeassignedmonotonicincreas-
ing values),andasa resultindex updatesmight becomea
seriousbottleneckin a TOODB.

To reducediskI/O in index operations,themostrecently
usedindex pages arekept in an index page buffer. OIDX
pageswill in generalhave low locality, andto increasethe
probabilityof finding a certainOD neededfor a mapping
from OID to physicaladdress,it is alsopossibleto keepthe
mostrecentlyusedindex entries (theODs)in aseparateOD
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cache,asis donein theShoreOODB [6]. With low local-
ity� on index pages,a separateOD cacheutilizes memory
better, spaceis notwastedon largepageswhereonly small
partsof themwill beused.An OD cachereducestheindex
lookupcostsconsiderably, andcanbe extendedto reduce
index updatecostsaswell [10].

However, even when using a “writable” OD cache,
OIDX updatesarestill verycostly. In thispaper, wepresent
anapproachto furtherreducetheOIDX updatecosts.Not-
ing that the main reasonfor the bottleneckagainstthe
OIDX is thelow locality of entriesin theOIDX treenodes,
we usean intermediatedisk resident buffer betweenthe
mainmemorybuffer, andtheOIDX itself. We call this the
Persistent Cache (PCache).ThePCacheis typically much
larger thanthe availablemainmemorybuffer, but smaller
thantheOIDX itself. Theentriesin thePCacheareman-
agedin anLRU likeway, justlikeamainmemorycache.In
additionto reducingupdatecosts,thePCachealsoreduces
the lookupcosts.The reasonfor the reducedcosts,is the
higher locality on PCachepages,comparedto the OIDX
treenodes.Higherlocality meansthat lessdisk operations
arenecessaryto readandwrite ODs.ThePCache-to-OIDX
treewritebackcanbedonevery efficiently later. This will
bedescribedlaterin thispaper.

In this paper, we describethePCachein detail,andan-
alyze its performanceby the useof cost functions. We
will studyoptimalsizeof thePCache,andseehow buffer-
ing of nodesin mainmemoryshouldbedoneto optimize
thePCacheperformance.It shouldalsobenotedthateven
thoughourprimarycontext for thispaperis OID indexing,
theresultsarealsorelevant to entryaccesscostandindex
entrycachingfor generalsecondaryindexes.

Theorganizationof therestof thepaperis asfollows. In
Section2 wegiveanoverview of relatedwork. In Section3
wedescribeobjectandindex managementin TOODBs.In
Section4 we describethe PCache. In Section5 we de-
velopan the OID accesscostmodel,andin Section6 we
usethis costmodel to study how differentPCachesizes,
memorysizes,index sizes,andaccesspatternsaffect the
performance.Finally, in Section7, we concludethepaper
andoutlineissuesfor furtherresearch.

2 RelatedWork
Temporaldatabasesystemsarein generalstill animmature
technology, andin the caseof transactiontime TOODBs,
we are only aware of one prototype� that has tempo-
ral OID indexing, POST/C++[12]. The performancere-
sultspresentedfor POST/C++areonly for relatively small
databases,wheretheindex fits in mainmemory, andweex-
pectthatwith a largernumberof objects,theOIDX would
bea bottleneck.

ThePCachehassimilaritiesto LHAM [7], wherea hi-
erarchyof indexesis used.Oneimportantdifferencesbe-
tweenthePCacheandLHAM, is thatin LHAM, all entries
in one level is regularly moved to the next, thereare no�

Supportfor versioningexistsin mostOODBs,but not temporalman-
agement,indexing, andoperations.

LRU management,andassuch,LHAM only helpsin im-
proving write efficiency, not readefficiency.

The cost modelsin this paperare basedon previous
work on modelingnon-temporalOODBs [9] and tempo-
ral OODBs[10], but themodelshave beenextendedto in-
cludetheaspectsof thePCache.Thebufferandtreemodels
have beencomparedwith simulationresults. Detailedre-
sultsfrom thesimulationswith differentindex sizes,buffer
sizes,index pagefanout,andaccesspatterns,canbefound
in [11].

3 TOODB Object and Index Management
We startwith a descriptionof how OID indexing andver-
sionmanagementcanbedonein aTOODB.Thisbrief out-
line is not basedon any existing system,but thedesignis
closeenoughto make it possibleto integrateinto current
OODBsif desired,andit will alsobeusedasabasisfor the
OID indexing in theVagabondTOODB.

3.1 Temporal OID Indexing

In a traditionalOODB, the OIDX is usuallyrealizedasa
hashfile or a B � -tree,with ODs asentries,andusingthe
OID asthekey. In a TOODB,we have morethanonever-
sionof someof theobjects,andwe needto beableto ac-
cesscurrentaswell asold versionsefficiently. If accessis
mostlyreadingcurrentobjects,it is efficientto havetwo in-
dexes,onewith ODsrepresentingthecurrentversionof the
objects,andonewith ODs representinghistoricalobjects
(i.e., previousversions).Theproblemwith this approach,
is thatevery time a new versionis created,we have to up-
datetwo indexes. A secondapproach,is to usea linked
list of versionsfor eachobject. If accessesaremostly of
the type “get all versionsof an object with OID � ”, this
is an efficient alternative. However, accessto a particular
version,valid at time � , is very costly with this approach,
becausewehave to traversetheobjectchain.

Ourapproachto indexing is to haveone index structure,
containingall ODs, currentas well asprevious versions.
While several efficient multiversionaccessmethodsexist,
e.g.,TSB-tree[4] andLHAM [7], they arenot suitablefor
our purpose. We will never have searchfor a (consecu-
tive) rangeof OIDs,OID searchwill alwaysbefor perfect
match, andmostof themareassumedto be to thecurrent
version. TSB-treesprovidesmoreflexibility thanneeded,
e.g.,combinedkey rangeandtimerangesearch,which im-
plies an extra cost,while LHAM canhave a high lookup
costwhenthecurrentversionof anobjectis searchedfor.

In this paper, we assumeoneOD for eachobjectver-
sion, storedin a B � -tree. We include the commit time
TIME in the OD, and usethe concatenationof OID and
time, OID � TIME, as the index key. By doing this, ODs
for a particularOID will be clusteredtogetherin the leaf
nodes,sortedon commit time. As a result,searchfor the
currentversionof a particularOID aswell asretrieval of a
particulartime interval for anOID canbedoneefficiently.

Whenanew objectis created, i.e.,anew OID allocated,
its OD is appendedto theindex treeasis donein thecaseof
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theMonotonicB � -tree[3]. Thisoperationis veryefficient.
Ho� wever, whenan object is updated, the OD for the new
versionhas to be inserted into the tree.

It shouldbenotedthatthisOIDX is inefficientfor many
typical temporalqueries.As a result,additionalsecondary
indexescanbeneeded,of whichbothTSB-treeandLHAM
aregoodcandidates.However, the OIDX is still needed,
to supportnavigationalqueries,oneof the main features
of OODBscomparedto relationaldatabasesystems.Some
optimizationsarepossibleto thisOIDX, e.g.,usingvariants
of nestedtreeindex, but asthePCacheis the focusof this
paper, wewill notelaboratemoreon thissubjecthere.

3.2 Temporal Object Management

In a non-temporal(one-version)OODB,spaceis allocated
for anobjectwhenit is created,andfurtherupdatesto the
objectaredonein-place. This implies thatafteranobject
update,thepreviousversionof theobjectis not available.
Thephysicallocationof thenew versionis thesameasthe
previous version,hence,the OIDX needsonly to be up-
datedwhenobjectsarecreatedandwhenthey aredeleted.

In a TOODB, it is usuallyassumedthat mostaccesses
will beto thecurrentversionsof theobjectsin thedatabase.
To keeptheseaccessesasefficient aspossible,andbenefit
from object clustering,� the databaseis partitioned,with
currentobjectsin onepartition,andthe previousversions
in theotherpartition,in thehistorical database. Whenan
objectis updatedin a TOODB,thepreviousversionis first
movedto thehistoricaldatabase,beforethenew versionis
storedin-placein the currentdatabase.The OIDX needs
to beupdatedevery time an object is updated. As long as
themodifiedODsarewritten to thelog beforecommit,we
do not needto updatethe OIDX itself immediately. This
is donein thebackground,andcanbepostponeduntil the
secondcheckpointafter the OD have beenwritten to the
log. Index pageswill be written to disk eitherbecauseof
checkpointing,or becauseof buffer replacement.

Not all the data in a TOODB is temporal, for some
of the objects,we are only interestedin the currentver-
sion.To improveefficiency, thesystemcanbemadeaware
of this. In this way, someof the objectscan be defined
asnon-temporal.Old versionsof thesearenot kept, and
the objectscan be updatedin-placeas in an one-version
OODB, and the costly OIDX updateis not neededwhen
anobjectis modified.This is animportantpoint: usingan
OODB which efficiently supportstemporaldatamanage-
ment, shouldnot reducethe performanceof applications
thatdonotutilize thesefeatures.

4 The PersistentIndex Entry Cache
The ODs accessedwill be almost uniformly distributed
over the index leaf nodes.The OD cachemakesreadac-	

It is alsopossiblethat in a TOODB application,a goodobjectclus-
tering includeshistoricalobjectsaswell ascurrentobjects. This should
bestudiedfurther, but doesnot have any implicationsto theresultsstud-
ied here,all updatesto objectswill necessarilynecessitateallocationsof
spacefor thenew object,andanOIDX update.
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Figure 1: Overview of index, PCache,and index related
mainmemorybuffers. PCachenodesPC1,PC4andPC6,
and3 OIDX nodes(denotedONODC ) arein thebuffer.

cessesefficient, but in a databasewith many objects,most
of theODsthatareupdatedduringonecheckpointinterval
will residein differentleaf nodes.This low locality means
that many leaf nodes have to be updated. Whenan index
nodeis to beupdated,an installationreadof thenodehas
to bedonefirst. With a largeindex, theaccessto thenodes
will be randomdisk accesses,andasa result,the installa-
tion readis verycostly.

To reducetheaverageaccesscost,the persistent cache
(PCache)canbeused.ThePCachecontainsasubsetof the
entriesin theOIDX, the goal is to have the most frequently
used ODs in the PCache. In contrastto the main mem-
ory cache(theOD cache),thePCacheis persistent,sothat
we do not have to write its entriesbackto theOIDX itself
duringeachcheckpointinterval. This is actuallythemain
purposeof thePCache:to provideanintermediatestorage
areafor persistentdata,in thiscase,ODs.

Thesizeof thePCacheis in generallargerthanthesize
of themainmemory, but smallerthanthesizeof theOIDX.
Thecontentsof thePCacheis maintainedaccordingto an
LRU likemechanism.Theresultshouldbehighlocality on
accessesto the PCachenodes,reducingthe total number
of installationreads,andmakingcheckpointinglesscostly.
AverageOIDX lookupcostshouldalsobelessthanwithout
a PCache.

To avoid confusion,we will hereafterdenotethe index
tree itself as the TIDX, anduseOIDX to meanthe com-
bined index system,i.e., PCacheandTIDX. Thus,when
wesayanentryis in theOIDX, it canbein thePCache,in
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theTIDX, or in both.This is illustratedonFigure1.

4.1 PCacheOrganization

The index relatedmain memorybuffers, the PCache,and
theTIDX, areillustratedonFigure1. Thenumberof nodes
in thePCacheshouldbesmallenoughto make it possible
to storepointersto all thePCachenodesin mainmemory.
To beableto do thecopying of theODsfrom thePCache
to theTIDX efficiently, thenodesin thePCacheshouldbe
accessedin thesameorderastheleaf nodesin theOIDX.
Therefore,the nodesin the PCachearerangepartitioned,
eachnodestoresa certaininterval of OIDs.

Range-partitioningis vulnerableto skew. To avoid
this, thepartitioningcanbedynamicallychanged(for each
node,we have theOID rangeboundaryin mainmemory).
This is donebasedontheupdateaccessratesoneachnode.
A high updateaccessrateto a noderesultsin a smallerin-
terval being allocatedto that node. Becausethe PCache
nodesarefrequentlyaccessed,the repartitioningdoesnot
representany extra cost (the repartitioningcan be done
whenneighbornodesareresidentin thebuffer).

It is importantto notethateventhoughreadsof PCache
nodeswill berandomdiskaccesses,thePCachenodeswill
be clusteredtogether, so that the randomreadof PCache
nodeswill have a smallseektime. Therewill alsobesev-
eral PCachenodereadrequestsat any time, so by using
anelevatoralgorithm,thecostof readingfrom thePCache
will below.

4.2 PCacheLRU Management

ThePCachenodesareoperatedsimilarto anordinarymain
memory cache,and when an entry is to be storedin a
nodein thePCache,oneof theexisting entrieshave to be
discarded.To provide accessstatistics,an accesstable is
maintainedfor eachnode,with onebit for eachentryin the
node,andwe usetheclock algorithmasanLRU approxi-
mation.An accessbit is seteachtimeanentryis accessed.
As for thestorageof theaccesstables,wehaveseveralop-
tions:

1. Theaccesstableof anodecouldbestoredin the node
itself. A problemwith thisoption,is thatwhenanode
is to bediscardedfrom themainmemorybuffer, and
entrieshavebeenaccessed,thenodeneedsto bewrit-
tenbackto disk,evenif noneof theentrieshavebeen
changed.This is notdesirable.

2. Accesstablesare maintainedin main memory, for
eachmain memoryresidentnode. When a nodeis
discarded,i.e., dueto buffer replacement,thetableis
discardedaswell. A problemwith the this option, is
that until enoughaccesseshave beendoneto the en-
tries,thebit mapis unreliableasawayto approximate
LRU, andthe“wrong” entriesmightgetdiscarded.

3. Accesstablesaremaintainedin mainmemoryfor all
PCachenodes.Oneproblemwith thethisapproach,is
thatonetablefor eachnodein thePCacheis needed,

but becausethesizeof eachtableis small(onebit for
eachentryin thenode),thiswill not representa prob-
lem aslong asthePCacheis not too large. If thesys-
temcrashes,thecontentsof theaccesstableswill be
lost,andwrongcachingdecisionsmightbedonewhen
thesystemis restarted.This doesonly affect perfor-
mance at startuptime, the ODs of committedopera-
tionsarealwayssafeondisk. To reducetheamountof
wrongcachingdecisionsat startuptime, we storethe
accesstablein thenodeaswell whenthenodeis writ-
tento disk. Notethatthisdiffersfrom option1, where
thenodeis always written backwhenit is discarded,
evenwhenthereareno updatesto theODsstoredin
thenode.

Basedon the observations above, we concludethat
maintainingaccesstablesin mainmemoryfor all PCache
nodesis thebestapproach.

In additionto theaccesstables,eachnodealsocontains
atableto keeptrackof thestatusof theentrieswith respect
to the TIDX. Onedirty bit is neededfor eachentry. The
dirty bit is seteachtime an entry is modifiedor inserted
into the node. Only the dirty entriesneedto be written
backto the TIDX, entriesnot marked asmodifiedcanbe
safelydiscardedwhenneeded.

4.3 UpdateOperations

Whenemploying thePCache,insertingODsresultingfrom
objectupdates arealways doneto theentryin thePCache,
never directly to the TIDX. Insertingan OD into a node,
impliesdiscardinganotherOD from thenode,basedonthe
LRU strategy. It is preferableto discarda non-dirty en-
try, so that a synchronouswritebackof the dirty entry is
avoided. To have a high probability of non-dirty slots in
thePCachenode,dirty entriesin thePCacheareregularly
copiedoverto theTIDX itself,asynchronouslyin theback-
ground.This is doneefficiently by mostlysequentialread-
ing of thePCachenodes,andmostlysequentialinstallation
readandsubsequentwriting of theTIDX nodes.

4.4 Object Creations

Objectcreationsarestill applieddirectly to theTIDX. An
OD resultingfrom anobjectcreationis anefficientappend
operationinto the TIDX. In the casewherea new ODs is
to be part of the hot set, it will usuallybe retrieved from
theTIDX nodesbeforethey arediscardedfrom thebuffer.
TheseODswill onaccessbeinsertedinto thePCache.

4.5 ReadOperations

Readoperationsbelongto oneof two classes:navigational
(singleobject)read,andscanoperations.

SingleObject Read

Readoperationsaredoneby first checkingif the entry to
beaccessedis in theOD cacheor thePCache,if not found
there,theTIDX itself issearched.Thesearchin thePCache
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might resultin onedisk accessif theactualnodeis not in
bufD fer. When using rangepartitioning, thereis only one
candidatenode, so that at most one disk accesswill be
needed.AccessingtheTIDX canresultin oneor moredisk
accessesif theTIDX nodesarenot in buffer.

Whenfound,eitherin thePCacheor theTIDX, theOD
is insertedinto theOD cache.If theOD wasnotalreadyin
thePCache,wenow haveseveraloptions,for example:

1. InserttheOD into thePCacheimmediately. Notethat
at this point, we are guaranteedto have the candi-
datePCachenoderesidentin buffer, becausewehave
probedit during the searchfor the OD. If we man-
ageto get a high hit rateon the PCache,the optimal
OD cachesizemightbequitesmallin thiscase.Note
that theOD contains,in additionto theentriesin the
PCache,dirty entriesresultedfrom updateoperations
notyet installedinto thePCache.

2. Insert the OD into the PCacheonly when it is to be
discardedfrom the OD cache. In this way, we get
goodmemoryutilization,wedonothaveto usespace
for theOD both in theOD cacheandin the PCache.
However, in this case,we arenot guaranteedto have
thecandidatePCachenoderesidentin buffer, it might
havebeendiscardedsinceit wasprobed.

3. Never insertthe OD into thePCache,only inserten-
tries into the PCachewhendoing updateoperations.
In thiscase,werely ontheOD cacheto keepthemost
frequentlyaccessedODs, and usethe PCacheto be
able to do efficient updateof the TIDX. This strat-
egy delaysthe updateof the TIDX, and meansthat
more entriescan be collectedbeforebatchupdating
theTIDX.

The bestoption to choose,dependson accesspattern.
Thepossibleinstallationreadof option2 canmakeit costly,
and becauseODs retrieved from readoperationsare not
insertedinto the PCachein the caseof option 3, we only
consideroption1 in thispaper.

ScanOperations

Scanoperationsmustbe treateddifferentfrom singleob-
ject readoperations,asonesinglescanoperationcanmake
thecurrentcontentsof thewholePCacheto bediscarded.
TheODsretrievedduringa scanoperationwill in general
have lesschanceof beingusedagain,it is not likely that
thewholecollectionor containerto bescanned,represents
a hot set. Even if this is the case,it is possiblethat the
numberof ODsretrievedduringthescan,is largerthanthe
numberof ODsthatfits in thePCache.In this case,if we
do a new scanover the collection/container, we will have
a PCachehit probability of 0. This is similar to general
buffer managementin thecaseof scanoperations.

As a result, scan operationsshould not update the
PCache,but the PCachemust be consultedduring read,
becauserecently updated ODs from the actual con-
tainer/collectionmight residein thePCache.However, this

will not be very costly, becausethe contentsof a physi-
cal containercachedin thePCachewill beclusteredin the
PCache’spagesaswell, sothattheextracostof readingthe
relevantPCachepagesis only marginal.

4.6 PCache-to-TIDX Writeback

The updateof the TIDX, i.e., writing dirty entriesin the
PCacheto theTIDX, will bedonein thebackground.This
is doneby readingthePCache,andinstall thedirty entries
of thesenodesinto theTIDX. Thisis donein segments,i.e.,
a numberof nodes,andwill be mostlysequentialreading
andwriting. ThePCache-to-TIDXwritebackis a scanop-
eration,andto avoid buffer pollution,nodesaccesseddur-
ing this operationshouldnot affect the restof the buffer
contents,i.e., they shouldnot make othernodesto be re-
movedfrom thebuffer.

Therateof thewritebackis a tuningquestion.By giv-
ing it higherpriority, i.e., doing morefrequentwriteback
of PCachenodes,the probabilityof a PCachenodebeing
full of dirty entriesis lesslikely. This is important,because
it reducesthe probability of synchronouswritebacks.On
theotherhand,higherpriority to thewritebackalsomeans
thatmoreof thedisk bandwidthwill beusedfor this pur-
pose,becauseeachnodecontainsasmallernumberof dirty
entries.

All ODsupdatedsincethepenultimatecheckpoint,and
still dirty in the OD cache,needsto be installedinto the
PCacheor TIDX duringonecheckpointperiod.This is not
thecasewith the PCache-to-TIDXwriteback. Theperiod
betweeneachtimethecontentsof aparticularPCachenode
is written backcanbevery long, but still shortenoughto
avoid overflow of dirty ODsin thePCache.

4.7 Buffer Considerations

We can have a buffer sharedbetweenTIDX nodesand
PCache.However, this doesnot necessarilygive optimal
performance. In somecases,it might be that TIDX ac-
cessespollutes the buffer, resulting in a low hit rate on
PCachenodes.To avoid this, we canuseseparatebuffers,
oneTIDX buffer, andonePCachebuffer. We canalsopin
a certainnumberof theupperTIDX levelsin memory, this
canbeadvantageousbecausestrict useof LRU is not opti-
malwhenbufferingnodesof anindex tree.

5 Analytical Model
Analytical modelingin databaseresearchhasmostly fo-
cusedon I/O costs. This is the mostsignificantcost fac-
tor, andin reasonableimplementations,the CPUprocess-
ing shouldgoin parallelwith I/O transfer, makingtheCPU
cost“invisible”. With increasingamountsof mainmemory
available,this is notnecessarilycorrect,but CPUcostscan
easilybe incorporatedinto analyticmodels,andhencewe
considerit asan orthogonalissueto the onediscussedin
thispaper(thoughit shouldbenoted,thatCPUcostshould
not affect thequalitative resultsin this paper).A moreim-
portantaspectof the increasingamountof main memory,
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however, is thatbuffer characteristicsbecomemoreimpor-
tant,E hence,the increasedbuffer spaceavailable must be
reflectedin themodels.

We usea traditionaldisk model,wherethecostof read-
ing a block from disk is the sumof the startup cost F start

and the transfercost F transfer. In our model, the average
startup costis fixed,andis setequivalentto ��G , thetime it
takesto doonediskrevolution.Thetransfercostis directly
proportionalto theblock size,andis equivalentto reading
disktrackscontiguously, e.g.,transfercostis equalto HI>J � G ,
where K is the block size to be transferred,and LNM is the
amountof dataononetrack.Thus,thetotal time it takesto
transferoneblock is F H O K�PRQSF start T F transfer QU� G T HI J � G .
Index costscanbe reducedby partitioningthe index over
severaldisks.DeclusteringPCachenodesandTIDX nodes
overseveraldisksis straightforward.

Thetime to reador write a randomindex pageis FWVXQF H OZY VRP , where
Y V is theindex pagesize.In thispaper, we

do not considerthecostof readingandwriting theobjects
themselves,or log operations.Thosecostsareindependent
of the indexing costs,usuallydoneon separatedisks,and
areissuesorthogonalto theonesstudiedin thispaper.

In this paper, we focuson reducingaccesstimes. Ob-
viously, thereducedaccesstimescomesat theexpenseof
morediskspacefor thePCache.As diskcapacityincreases
rapidly, with a correspondingdecreasein price,we expect
thatin mostcases,usingtheextraspacefor thePCachewill
beworthwhile.

As illustratedon Figure 1, a certainamountof mem-
ory, [ ipages, is reservedfor the index pagebuffer, i.e., for
bufferingPCacheandTIDX pages,and [ ocache, is reserved
for theOD cache.

If weassumethesizeof eachODis
Y

od, andanoverhead
of
Y

oh bytesis neededfor eachentry in theOD cache,the
numberof entriesthatfits in theOD cacheis approximately\

ocache ] ^ ocache_5`
od � ` oh a . If we usean hashtableanda clock

algorithmasanLRU approximation,
Y

oh ]Ub B (B=bytes).
Thenumberof index pagesthatfits in thebuffer is ap-

proximately
\

ibuf ] ^ ipages_5`
P � ` oh a . For eachPCachepageon

disk, we needto keepin memorythe disk addressof the
node(4 B), the OID rangeboundary(4 B), andthe LRU
accesstableasdescribedpreviously. This occupiesa total
of [ pcptr Q Y Vdc O `fe&gh` odi T b P B, where

Y Vdc is thenumber
of PCachenodes.

5.1 Index Entry AccessModel

Weassumeaccessesto objectsin thedatabasesystemto be
random,but skewed(someobjectsaremoreoftenaccessed
thanothers).We furtherassumeit is possibleto (logically)
partitiontherangeof OIDs into partitions,whereeachpar-
titions hasa certainsize and accessprobability. This is
illustratedat the bottomof Figure2 (note that this is not
how it is storedon disk, this is just a modelof accesses).
We considera databasein a stablecondition, with a to-
tal of

\
objver objectsversions(andhence,

\
objver index en-

tries). Note that with the TIDX describedin Section3.1,
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Figure2: OID index. Thelowerpartshowstheindex from
a logical view, theupperpart is asan index tree,which is
how it is realizedphysically. Wehaveindicatedwith arrows
how theentriesaredistributedover theleaf nodes.

performanceis not dependentof the numberof existing
versionsof anobject,only thetotal numberof versionsin
thedatabase.

In many analysisandsimulations,the80/20modelis ap-
plied,where80%of theaccessesgoto20%of thedatabase.
While this is satisfactoryfor analysisof someproblems,it
hasamajorshortcomingwhenusedto estimatethenumber
of distinctobjectsto beaccessed.Whenapplied,it givesa
muchhighernumberof distinctaccessedobjectsthanin a
realsystem.Thereasonis thatfor mostapplications,inside
the hot spotarea(20% in this case),thereis an evenhot-
terandsmallerarea,with amuchhigheraccessprobability.
This is evenmoreimportantfor a temporaldatabase.Most
of theaccesseswill beto asmallnumberof thecurrentver-
sions. With a large numberof previousversions,this hot
spotareawill bemuchsmallerand“hotter” thantheonein
a typical “traditional” database.This hasto bereflectedin
themodel.

5.2 Index TreeSize

If we assumean index treewith spaceutilization o (typ-
ically less than 0.69 for a B � -tree), the numberof leaf
nodesis

\qp
tree ] r objversut `fevgh`

od w . The fanout x of internal
nodesis xyQ{zZo Y V}| Y ie ~ , where

Y
ie is thesizeof anen-

try in aninternalnode.Thenumberof levels in thetreeis� Q�� T����5�7�+� \qptree� . Thenumberof nodesateachlevel in

the treeis
\��� Gh��� Q � r �����tree� � andthe total numberof nodes

in thetreeis
\

tree Q��U��� ��5�Wp \��
tree.

5.3 Buffer PerformanceModel

Our buffer model is an extensionof the Bhide, Dan and
Dias LRU buffer model (BDD) [1]. Due to spacecon-
straints,we only presentthemostimportantaspectsof our
modelin thispaper, but adetaileddescriptioncanbefound
in [9].

A databasein theBDD modelhasasizeof
\

datagran-
ules(e.g.,pages),partitionedinto � partitions. Eachpar-
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tition containsa fraction � � of the datagranules,and � �
of� the accessesare done to each partition. The dis-
tributions within each of the partitions are assumedto
be uniform, and all accessesare assumedto be inde-
pendent. We denotea particular partitioning set ��QO � p��:�:� ��� �d¡ � � � � p7�:� �:��� �¢¡ � � P . For example,for the80/20
model,� i p g � p Q O¤£ � b � £ � ¥¦� £ �/¥¢� £ � b P . Wewill in thefollow-
ing use ��§ asshortfor the actualOD accesspartitioning
set.

In the BDD model, the steadystateaveragebuffer hit
probabilityis denoted̈ buf

O-© � \ � �ªP , where
©

is thenum-
ber of data granulesthat fits in the buffer. The buffer
hit probability for data granulesbelongingto a particu-
lar partition � is denoted̈

¡
buf

O¤© � \ � �ªP . TheBDD model
canalsobe usedto calculatethe total numberof distinct
data granulesaccessedafter C accessesto the database,\

distinct
O C � \ � �ªP .

OD CacheHit Rate

Accessesto the OD cachecan be assumedto follow the
assumptionsbehindtheBDD model,they areindependent
andrandomrequests.By applyingthis modelwith object
entriesasdatagranules,theprobabilityof anOD cachehit
is ¨ ocache QS¨ buf

O \
ocache� \ objver � � § P .

General Index Buffer Model

The BDD LRU buffer model only modelsindependent,
non-hierarchical,access.Modelingbuffer for hierarchical
accessis morecomplicated.Even thoughsearchesto the
leaf pagescan be consideredto be randomand indepen-
dent, nodesaccessedduring traversalof the tree are not
independent.We have extendedthe original model to be
able to analyzebuffer performancein the caseof hierar-
chical index accessesas well [11]. This is basedon the
observationthateach level in the treeis accessedwith the
same probability (assumingtraversalfrom root to leaf on
everysearch).Thus,with a treewith

�
levels,we initially

have
�

partitions.Eachof thesepartitionsareof size
\��

tree,
where

\ �
tree is thenumberof index pageson level � in the

tree.Theaccessprobabilityis �� for eachpartition.
To accountfor hotspots,wefurtherdivide theleafpage

partition into �&« partitions,eachwith a fraction of �N¬ � of
the leaf nodes,andaccessprobability �¬ � relative to the
otherleaf pagepartitions. Thus,in a “global” view, each
of thesepartitionshave size �N¬ � \qptree andaccessprobabil-
ity ®�¯ �� . In total, we have ��Q°�N« T O �{± �!P partitions.
The hot spotsat the leaf pagelevel make accessto nodes
on upperlevels non-uniform,but as long asthe fanoutis
sufficiently large,andthehotspotareasarenot toonarrow,
wecantreataccessesto nodesonupperlevelsasuniformly
distributedwithin eachlevel. An exampleof thispartition-
ing is illustratedto theright on Figure3, wherea treewith� Q³² levelsand�&«WQ ¥ leaf pagepartitionsis partitioned
into �´Q ¥ T O ² ± �!PRQSµ partitions.

¶5¶)¶·�¸�¹�·�¸»º ·�¸�¼
½¿¾h½ÁÀ½¿¾h½¿À½Á¾�½ÁÀ ½Á¾�½ÁÀ½¿¾h½ÁÀ ½Á¾�½ÁÀ½¿¾h½¿À ½Á¾�½ÁÀ¶)¶5¶

¶)¶5¶ ¶)¶5¶¶5¶)¶ ½¿¾h½¿À½¿¾h½¿À
ÂWÃÅÄ7Æ:ÇNÈ ÉdÊ-ËÍÌÎNÏ¢Ð È!Ñ ÎNÏ¢Ð È!Ñ

Figure3: Accesspartitions.

Index PageAccessModel

As noted,we canassumelow locality in index pages.Be-
causeof thewayOIDsaregenerated,entriesfrom acertain
partitionarenot clusteredin the index. This is illustrated
in Figure2,wherealeafnodecontainingindex entriescon-
tainsunrelatedentriesfromdifferentpartitions.Thismeans
that the accesspatternfor the leaf nodesis differentfrom
theaccesspatternto thedatabasefrom a logical view. As
describedin [11], we can usethe initial OD partitioning
(the OD accesspattern) � § asbasisfor deriving the leaf
nodeaccesspartitioning ��¬ .

PCacheHit Rate

We denotethe probability that a certain OD is in the
PCacheas ¨ÒVÓc , theactualPCachepagemightbein mem-
ory or ondisk.

Thenumberof ODsin eachPCachenodeis z `fe`
od
~ , and

with a total of
Y Vdc nodes,thenumberof ODs thatfits in

the PCacheis
\ Vdc�Q Y VdcÔz ` e`

od
~ . The probability that a

certainOD is in oneof thePCachenodescanbeapproxi-
matedto: ¨ VÓc QU¨ buf

O \ Vdc � \ objver � � § P
PCacheand TIDX Buffer Model

WhenthePCacheandtheTIDX sharethesamemainmem-
ory pagebuffer, the modelhasto reflectthis. The access
probabilitiesfor TIDX nodesandPCachenodesarediffer-
ent,andasa result,in anLRU managedbuffer, thehit rate
will bedifferent.In thebuffer model,weusea partitioning
asillustratedonFigure3. On thefigure,thePCacheis one
partition, andeachlevel in the tree is onepartition, with
the leaf nodepartition further divided into two partitions,
reflectingtheexistenceof hotspotnodes(nodesbelonging
to oneof thetwo leaf nodepartitionsneednot actuallybe
physicallyadjacentason thefigure).

Consideringthe pageaccesses,all OIDX lookupswill
accessone PCachepage,and

O � ± ¨ Vdc P of the lookups
will alsoaccessthe TIDX. EachOIDX lookup resultson
averagein � T O � ± ¨ VÓc P � pageaccesses.Thus,thetotal
accessprobabilityof thePCacheis � Vdc Q ��»� _ � � V e+Õ a � ,
which is the fraction of accessedpagesthat is part of
the PCachepartition. The TIDX accessprobability is�Ö&×hØRÙ³Q _ � � V e+Õ a ��»� _ � � V e+Õ a � .
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The total numberof index pagesis
Y Vdc T \ � G¿�»� . The

PCacheÚ contains � Vdc Q `feÛÕ` e�Õ � rÒÜ5Ý�Þ-Þ of thesepages,the

TIDX contains�NÖ&×hØRÙ�Q r Ü5Ý�ÞZÞ` e+Õ � rÒÜ5Ý�Þ-Þ of thepages.
The TIDX partitionsis further partitionedinto � parti-

tionsasdescribedabove,andwe denotetheresultingpar-
titioning (Figure3) as � Shared. We denotethePCacheand
TIDX nodebuffer hit probabilitiesas:¨ buf PC Q ¨ Vdcbuf

O \
ibuf � Y Vdc T \ tree� � sharedP¨ buf TIDX Q ¨ ÖN×¿Ø}Ùbuf

O \
ibuf � Y Vdc T \ tree� � sharedP

As notedin Section4.7, it canbe advantageousto use
separatebuffers for the PCacheand TIDX. In that case,\

ibuf PC buffer pagesare reserved for the PCache,and\
ibuf TIDX buffer pagesare reserved for the TIDX, so that\
ibuf PC T \ ibuf TIDX Q \

ibuf. Denotingthe treepartition-
ing as � Tree, thecorrespondingbuffer hit probabilitiesus-
ing separatebuffersare:¨ buf PC Q r ibuf PC` e�Õ¨ buf TIDX Q ¨ buf

O \
ibuf TIDX � \ � Gh��� � � TreeP

5.3.1 OIDX Lookup Cost

Assumingwehavetheaddressof all PCachepagesin mem-
ory, andusea rangepartitionedPCache,at mostonedisk
accessis neededfor eachPCachelookup. Beforea page
canbe readin, anotherhave to be replaced.A pagemay
containdirty entries,becauseall readODsfrom theTIDX
areinsertedimmediately. In thiscase,thePCachepagehas
to bewrittenback.To beableto do this efficiently, weuse
thefollowing strategy: Ondisk,weallocatespacefor more
nodesthanthenumberof nodesin thePCache.Whenwe
readapage,weat thesametimescheduledirty page(s)for
writing, to an emptyslot nearthe node(s)to be read. In
thatway, theextrawrite costis only marginalcomparedto
the read. Becausewe at all timeskeepthe pointersto all
PCachenodesin thememory, they canbewritten backto
differentplacesevery time.ß We approximatethe lookup
costto: F lookup PC Q O � ± ¨ buf PCP�F V
To accessanentry in theTIDX, it is necessaryto traverse
the

�
levels from the root to a leaf page. To do this, we

need
O � ± ¨ buf TIDX P � disk accesses.Theaveragecostof

anTIDX lookupis:F lookup TIDX Q O � ± ¨ buf TIDX P � FWV
With a probability of ¨ ocache, the OID entry requested

is alreadyin theOD cache,but for
O � ± ¨ ocacheP of there-

quests,we have to accessthePCache.With a probability
of ¨ PC, theentry is in thePCache.If not, theTIDX itself
hasto beaccessed.Theaveragecostto retrieveanentryis:à

It is interestingto notethatby usingthis approach,we do thingsac-
cordingto thelog-structuredfile systemphilosophy, whichourVagabond
TOODBwill bebasedon [8].

F lookup Q O � ± ¨ ocacheP O F lookup PCT O � ± ¨ Vdc P�F lookup TIDX P
5.3.2 OIDX UpdateCost

We do not needto updatethe PCacheor the index pages
in the TIDX immediatelyafter an updatehasbeendone.
This is donein thebackground,andcanbepostponed,in-
creasingtheprobabilitythatseveralupdatescanbedoneto
eachindex pagebeforethey arewritten back. We calcu-
latetheaverageindex updatecostasthetotal index update
costsduringaninterval, dividedon thenumberof updates.
In this context, we definethecheckpointinterval to bethe
numberof objectsthatcanbewritten betweentwo check-
points.Thenumberof written objects,

\ cÓV , includescre-
atedaswell asupdatedobjects. ¨ new

\ cÒV of the written
objectsarecreationsof new objects,and

O � ± ¨ new P \ cÓV
of the written objectsareupdatesof existing objects. We
assumethattheOD cacheis largeenoughto keepall dirty
ODsthroughonecheckpointinterval, andthatdeletingand
compactingpagescanbedonein background.This means
that

\ cÓV=á \
ocache. Using a strategy that write a larger

amountof ODs to the log beforeinstalling theminto the
TIDX, is difficult: If we did not keepall ODs not yet in-
stalledinto the OIDX in the memory, we would have to
searchthelog oneachaccess,to checkif thelog contained
a morerecentversionthantheonein theOIDX.

Creationof NewODs

New objectdescriptorsarecreatedwhennew objectsare
created. The number of createdobjects is

\ cÒâ Q¨ new
\ cÓV . Whennew objectsarecreated,their ODs are

appendedto theindex (wedonotdistributetheentriesover
theold nodeandthenew onewhentherightmostnodesare
split), andwe have clusteredupdates.As describedprevi-
ously, objectcreationsaredonedirectly to theTIDX, and
not to thePCache.Thiscontributesto

\qpã Q r Õ+ät `feNgh`
od w cre-

atedleafpages.This is asubtreein theindex tree,of height� M , with
Y ã Q � � J � ����Wp \��ã pages.Thetotal costof creat-

ing theseobjectdescriptorsis thecostof writing
Y ã index

pagesto thedisk. No installationreadis neededfor these
pages.Assumingthatthedisk is not too fragmented,these
pagescanbewritten in oneoperation,mostlysequentially:F writenew QSF H OZY ã Y V P
Modification of Existing ODs in the PCache

When an object is updated,a new object versionis cre-
ated,anda new OD hasto beinsertedinto theOIDX. The
numberof updatedobjectsduringonecheckpointinterval
is
\ s Q \ cÒV ±å\ cÒâ .
In general,at leastoneOD will be insertedinto each

PCachepage(thenumberof updatesin onecheckpointin-
terval is muchlargerthanthenumberof PCachepages).In
thiscase,themostefficientway to updatethePCacheis to
readsequentiallya numberof PCachepages,updatethem,
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write themback,andcontinuewith thenext segment.As-
sumingD that PCache-to-TIDXwritebackhashigh enough
priority, we can assumethat when insertinga new entry
into a PCachenode,thereis alwaysa non-dirtyentry that
canberemoved.Thecostof this is:F write to PC Q ¥ F H O-Y Vdc Y VRP
where

Y Vdc is thenumberof PCachenodes.

PCache-to-TIDX Writeback Cost

Thepurposeof thePCache-to-TIDXwritebackis to always
have non-dirty slots in the PCachenodes,wherenew en-
triescanbeinserted.ThePCache-to-TIDXwritebackruns
continuouslyin thebackground.Theperiodfor eachround
is ideally so long that eachPCachenodeis almostfull of
dirty entrieswhenit is processed.

Thecostis equalto readinga numberof PCachenodes
(sequentialreading),andwriting the dirty entriesbackto
the TIDX. If we assumeeachPCachenodeis almostfull
whenwe processit, we have æ \ Vdc entriesto write back
in eachround,where æ is the PCachenodedirty fill fac-
tor, i.e., theamountof dirty entriesin thenode.Thisvalue
shouldideally be closeto 1, but to avoid delaysin nor-
mal processingdue to overflow of dirty entriesin nodes,æ shouldbe sufficiently small,we will in the calculations
in this paperusea valueof 0.90. The numberof update
objectsduringeachroundof PCache-to-TIDXwritebackis\ ` cÒV Qçæ \ VÓc , which we call the super checkpoint pe-
riod.

Updating the index involves a pageinstallation read,
wherethe pagewherethe last (current)versionresidesis
readfrom disk, if thepageis notalreadyin thebuffer. The
costof this is F lookup TIDX for eachdistinct objectmodified.
Thenumberof distinctupdatedobjectsis:\ Ø s Q \

distinct
O \ ` cÓV � \ objver � � § P

However, as noted in Section 3.2, not all objects in a
TOODB aretemporal.We denotethe fractionof the data
accessesgoing to temporalobjectsas ¨ temporal. Only up-
datesof theseobjectsalter the OIDX, updatesof non-
temporalobjectswill bedonein-place.Thenumberof dis-
tinct updatedtemporalobjectsis:\ IØ s QS¨ temporal

\ Ø s
The numberof leaf pagesto be accessedasa part of the
installationread:\Ôè Q \

distinct
O \ IØ s � \ p� Gh��� � �ª¬dP

If thereis spacefor the new OD in the leaf nodeof the
TIDX, it canbeinsertedthere,andthenodecanbewritten
back. If thereis no spacein thenode,the nodeis split, a
processdonerecursively, possiblyto theroot. If a nodeis
split, theparentnodehasto beupdatedaswell. Becauseof
the possibility of pagesplits, determiningthe updatecost

is difficult. With sufficiently many entrieson eachindex
node,the probability of pagesplit is small enoughto be
neglected[13]. However, for somepages,therearemore
thanoneinsertionto thatpage(possiblygeneratedby sev-
eral updatesto oneobjectduringonecheckpointinterval,
rememberthat each update creates a new entry to be in-
serted into the OIDX). Thus,we includethe pagesplit in
our costfunctions.Accordingto Loomis[5], theprobabil-
ity of a split in a B � -treeof order é is lessthan �ê è g �Áë � � ,
sowe approximatë split ] �ê�_5` e gh`

od a g �»ë � � . For eachsplit,
the new pageneedsto bewritten back,aswell astheup-
datedparentnode.However, notethattheremaybeseveral
splitsaffectingoneparentnode,in this case,it needsonly
bewrittenbackonce.Theresultingtotalwrite backcostis:F�«writeback Q O \ è T \ è ¥ ¨ split P�FWVQ \ è O � T ¥ ¨ split P�FvV
Theequationabove assumesthat therewill on averagebe
lessthanoneentryto beinsertedin eachleafnode.Thatis
thecaseaslongasweusethefollowingoptimization:If the
checkpointinterval is sufficiently large,it is moreefficient
to readthe completeindex, updatethe index nodes,and
write it back(if memoryis not largeenough,this is done
in segments).Thiswill beveryefficient,asthereadingand
writing will besequential.Thecostof this is:F « «writeback Q ¥ F H O \ tree

Y V P
giving:F writeback QUìîí5ï O \Ôè F lookup Ö&×hØRÙ T F «writeback

� F « «writebackP
AverageIndex UpdateCost

Theaverageindex updatecostperobjectis thetotalcostof
updatingthe PCacheandthe PCache-to-TIDXwriteback,
dividedon thenumberof updatedobjects:

F update Q F writenew\ cÒV T F write to PC\ cÒV T F writeback\ ` cÒV
Note that the total PCache-to-TIDXwritebackis for one
supercheckpointperiod,while thePCacheupdateandob-
ject creatingcostis perordinarycheckpointperiod.

5.4 OIDX AccessCostWithout PCache

In a systemwith noPCache,theOIDX lookupcostis:F lookup Q O � ± ¨ ocacheP�F lookup TIDX

WithoutaPCache,weneedto write backall ODsto the
TIDX eachcheckpointinterval. This is similar to PCache-
to-TIDX writeback,except that we now write back only\ cÒV ±Í\ cÓâ entriesinsteadof

\ ` cÓV , whichmakesit more
difficult to do it efficiently. Theaverageupdatecostis:

F update Q F writenew\ cÓV T F writebackTIDX\ cÓV
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Set � pp � p� � p� � pp � p � � p �
3P1 0.01 0.19 0.80 0.64 0.16 0.20
3P2 0.001 0.049 0.95 0.80 0.19 0.01
2P8020 0.20 0.80 - 0.80 0.20 -
2P9505 0.05 0.95 - 0.95 0.05 -

Table1: Partition sizesandpartition accessprobabilities
for thepartitioningsetsusedin thisstudy.

where F writebackTIDX is calculatedaccordingto the equa-
tions usedfor F writeback, except that

\ cÓV ±U\ cÓâ is used
insteadof

\ ` cÓV in calculating
\ Ø�o . Whencalculating

the buffer hit probabilities,the index pagebuffer is only
usedfor theTIDX, with theabsenceof aPCache,nomem-
ory is usedfor PCachepointersandtables.

6 PerformanceStudy
Wehavenow derivedthecostfunctionsnecessaryto calcu-
latetheaveragecostof OIDX accessunderdifferentsystem
parametersandaccesspatterns,with andwithout the use
of a PCache.We will in this sectionstudyhow different
valuesfor theseparametersaffects the accesscost,under
whichconditionsusingaPCacheis beneficial,andoptimal
sizesfor the PCache.The mix of updatesandlookupsto
the OIDX affects the optimal parametervalues,and they
shouldbe studiedtogether. If we denotethe probability
thatanoperationis a write as ¨ write, theaverageindex ac-
cesscostis theaverageof thecostof all index lookupand
index updateoperations:F accessQ O � ± ¨ write P�F lookup T ¨ write F update

Our goal hereis to minimize F access. We measurethe
gainfrom usinga PCache,with optimalparametervalues,
as:

Gain Qð� £7£uñ F accessnoPCache
± F accessF access ò

where F accessnoPCacheis the accesscost when not using a
PCache.In therestof this paper, wegive PCachesizeasa
fractionof theTIDX size.

It is difficult to know what kind of accesspatternthat
will beexperiencedin TOODBs.It is possibleto dopredic-
tionsbasedon currentaccesspatterns,but we believe that
it is quitepossiblethatwhensupportfor temporalfeatures
becomecommon,applicationdeveloperscanutilize these
in new ways.Theaccesspatternsusedin thispaperdo not
necessarilyrepresentany of these,but we will usethemto
show that thegain from usingthePCacheis considerable,
undermostconditionsandaccesspatterns.

We have usedfour accesspatterns.The partitionsizes
andaccessprobabilitiesaresummarizedin Table1 (note
that this is the OID accesspattern �ª§ , andnot the index
page accesspattern � ¬ ). In the first partitioningset,we
have threepartitions,extensionsof the 80/20 model, but

Parameter Value[ ocache 0.1 [L&M 50KB��G 8.33msY V 8 KBY
od 32BY
oh 8 BY
ie 16B

Parameter Value\
objver 100mill.o 0.67\ cÓV £ � ó \ ocache¨ new 0.2¨ write 0.2¨ temporal 0.8

Table2: Defaultparameters.

with the20%hot spotpartition furtherdivided, into a 1%
hot spot area,a 19% lesshot area,and a 80% relatively
coldarea.Thesecondpartitioningsetresemblestheaccess
patterncloseto whatweexpectit to bein futureTOODBs,
with a largecold set,consistingof old versions.The two
othersetsin thisanalysishaveeachtwo partitions,with hot
spotareasof 20%and5%.

Unlessotherwisenoted,resultsandnumbersin thenext
sectionsarebasedoncalculationsusingdefaultparameters
assummarizedin Table2.ô Note that in this paper, when
wetalk aboutavailablemainmemory, weonly considerthe
memoryavailable for index relatedbuffering, [ � . Main
memoryfor objectpagebuffering is orthogonalto this is-
sue.

With the values in Table 2, the ODs would occupy]öõ � � GB if storedcompactly. Typically, theobjectsthem-
selves occupiesat leastfour times as much spaceas the
OIDX, if this is reflectedin availablemainmemorybuffer,[ � Q÷µ £ MB shouldimply a total buffer memoryof 200-
300 MB. In this study, we mainly investigatethe index
memoryinterval from [ � Qø� MB to [ � Qùµ £ MB, as
this is themostdynamicareaof OIDX accesscost,but we
will also show how the availability of larger amountsof
memoryaffectsperformance.

6.1 The Effect of Usinga PCache

Figure4 illustratesthe typical cost involved in OIDX ac-
cess,usingthedefault parameters,but with differentindex
memorysizes[ � . Thegainis from 20%to several100%.
WeseethatthePCacheis especiallybeneficialwith relative
smallindex memorysizescomparedto thetotal index size.
As the index sizeincreases,thegaindecreases(but aswe
will show in Section6.4, thegainactuallyincreasesagain
with largermainmemorysizes).

6.2 Optimal PCacheSize

TheoptimalPCachesizesareillustratedto theleft on Fig-
ure 5. With accesspattern2P8020and3P1,mostof theú

Notethateventhoughsomeof theparametercombinationsin thefol-
lowing sectionsareunlikely to representtheaverageover time, they can
occurin periods,e.g.,morewrite thanreadoperations.It is in situations
like this thatadaptive self tuningsystemswould beinteresting,whenpa-
rametersetsdiffers from the average,which systemstraditionally have
beentunedagainst.
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Figure4: OIDX accesscostwith andwithoutemploying aPCache,with accesspatternsaccordingto 2P8020,2P9505,and
3P3.
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Figure5: OptimalPCachesizefor differentaccesspatternsto theleft. In themiddle,theeffect of differentupdateratios¨ý G � � � for accesspattern3P2.To theright,wehavetheOIDX accesscostwith andwithoutemployingaPCache,employing
largeindex memorysizes.

available index memory, except the memoryreserved for
theOD cache,is usedto storethepointersandLRU tables
for the PCache.2P9505and3P2have moreemphasized
hotspotares,in thiscase,asmallerPCacheis optimal,just
enoughto storethehotspotarea.

6.3 The Effect of Differ ent UpdateRatios

Themainpurposeof thePCacheis to increaseOIDX up-
dateperformance.This is illustratedvery well on themid-
dle subfigureof Figure5, which shows thegainusingdif-
ferentvaluesfor ¨ ý G � � � .
6.4 The Effect of Lar ger Amounts of Memory

The right subfigureof Figure 5 illustrates that using a
PCacheis alsobeneficialwhenalargemainmemorybuffer
is available.Theminimumgainhereiswhen[ � ]Sb £ MB.
At thatpoint, thegainis 94%.It thenincreasesagain,until[ � ]öõ £Û£ MB, wherethegainis over600%.After that,the
gainfrom usingPCacheslowly decreases,with increasing
amountsof availablemainmemory.

6.5 The Effect of Differ ent PageSizes

Thepagesizeis animportantfactorin determiningthein-
dexing performance.The optimal pagesizeis a compro-

miseof two contradictingfactors. Becauseof low local-
ity, largepagesizesin anOIDX meansmorewastedspace
in the index pagebuffer, andtheoptimalpagesizeis thus
muchsmaller. However, smallpagesalsoresultsin ahigher
tree. Even thoughin mostcasesupperlevelsof the index
treewill be residentin memory, a treewith smallerpage
sizealsoneedsmorespace,reducingthe buffer hit prob-
ability. We can seethat thereare two strategies for effi-
ciency: Either large pager, which is particularlyadvanta-
geousfor thecreationof objects,andsmallpages,to cap-
turethefactthatthereis low levelof sharing.Wehavestud-
iedoptimalpagesizesfor thedifferentaccesspatterns,with
possiblepagesizesbetween2 KB and64 KB. All shows
thatasmallpagesize,lessthanthe8 KB blockscommonly
used,is beneficial.

6.6 PCacheUsingSeparateBuffers

We have alsodonethe analysiswith separatebuffers for
the PCacheandTIDX. Theanalysisshows that a costre-
ductionof a few percent,typically from 2 to 3%, canbe
found. However, in this case,it is very importantwith ac-
curatebuffer partitioning.Thisassumesknowledgeof cur-
rentaccesspatternatall times,somethingwhichis difficult
in practice. LRU buffer managementis in this senseself
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adaptive,andwith only marginal improvementwhenusing
separateþ buffer, weadviceagainstusingseparatebuffers.

7 Conclusionsand Future Work

Wehavein thispaperdescribedthePCache,andhow it can
be usedto improve performancein anTOODB by reduc-
ing thenumberof disk operationsneededfor index main-
tenance.We have developedcostmodelswhich we have
usedto analyzethe improvedperformanceandcharacter-
istics of the PCache,underdifferentaccesspatterns,and
memoryandindex sizes.Theresultsshow that:

1. TheOID indexing costin aTOODBwill belarge,but
canbereducedby theuseof a PCache.

2. Thegainfrom usinga PCachecanbelarge.

3. The gain is especiallygood when using an optimal
sizeof thePCache.Having anoptimallytunedsystem
is important. Accesspatternin a databasesystemis
dynamic,andthesystemshouldbeableto detectthis,
andtunethesizeof index pagebuffer andOD cache
sizeaccordingly. Thecostmodelsin thispapercanbe
of valuableusefor optimizersand automatictuning
toolsin TOODBs.

In this paper, we have describedseveral strategies for
PCacheLRU tablestorage,andPCacheupdatestrategies
whendoing readoperations.Theseissuesare interesting
furtherwork. It ispossiblethatbycombiningseveralstrate-
gies in a dynamicadaptive PCache,performancecan be
improvedevenmore,andmakingthesystemlessvulnera-
ble to rapidlychangingaccesspatternsandvariantsof data
skew.

This paperdescribedthe PCacheusedto improve OID
index in TOODBs. ThePCacheshouldalsobeapplicable
to generalsecondaryindexing, especiallyinterestingis ap-
plicationswhereupdatesarenot clustered,i.e., have low
locality.
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