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Abstract

In a temporalOODB, an OID index (OIDX) is
neededto map from OID to the physicalloca-
tion of the object. In a transactiortime tempo-
ral OODB, the OIDX shouldalsoindex the ob-
jectversions.n thiscasetheindex entrieswhich
we call object descriptors (OD), alsoincludethe
committimestampof the transactiorthat created
the objectversion. The OIDX in a non-temporal
OODB only needso be updatedwhenan object
is created,but in a temporalOODB, the OIDX
has to be updated every time an object is updated.
This haspreviously beenshavn to be a potential
bottleneckandin this paper we presenthe Per-
sistent Cache (PCache)a novel approachwhich
reducesheindex updateandlookupcostsin tem-
poral OODBs. We develop a costmodelfor the
PCache,and usethis to shav that the useof a
PCacheanreduceheaverageaccesgostto only
afractionof the costwhennot usingthe PCache.
Eventhoughthe primary context of this paperis
OID indexing in a temporalOODB, the PCache
canalsobeappliedto generakecondaryndexing,
and can be especiallybeneficialfor applications
whereupdatesarenon-clustered.

1 Intr oduction

In atransactioimetemporabbject-orientediatabassys-
tem(TOODB), updatinganobjectcreates new versionof
the object,but the old versionis still accessibleA system
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maintainedimestamps associatedavith every objectver
sion,usuallythecommittime of thetransactiorthatcreated
this versionof theobject.

An importantfeatureof OODBs, is that an object is
uniquelyidentified by an objectidentifier (OID), andthat
the objectcan be accessedia its OID. The OID canbe
physical,which meansthat the disk pageof the objectis
givendirectly from the OID, or logical, which meanshat
anOID index (OIDX) is neededo mapfrom logical OID
to the physicallocationof the object.In aTOODB, logical
OIDsis the mostreasonablalternatve, becausen OIDX
is necessararnyway to index the objectversions.The en-
triesin the OIDX, which we call object descriptors (OD),
containadministratve information,including information
to do the mappingfrom logical OID to physicaladdress,
andthe committimestamp.The OIDX canbe quite large.
In non-temporalDODBSs, a typical sizeis in the order of
20% of the sizeof the databasétself [2]. This meanghat
in generalpnly asmallpartof theOIDX fitsin mainmem-
ory, andthat OIDX retrieval can becomea bottleneckif
efficientaccesandbuffering stratgiesarenot applied.

An importantdifferencebetweerDIDX managemerih
non-temporabhnd TOODBS, is that with only oneversion
of an object(non-temporal)the OIDX needsonly to be
updatedwhena new objectis created. This canbe done
in anefficientappend-onlperationf2], andwe canfocus
on optimizing OIDX lookups. In a TOODB however, the
OIDX mustbeupdatedevery time an object isupdated. An
objectupdatecreatesnew objectversionwithoutdeleting
the previousversion,henceanawv OD for thenew version
hasto beinsertednto the OIDX. Theindex pageswill usu-
ally have low locality (the uniquepartof anOID is usually
anintegerthatwill alwaysbe assigneanonotonicincreas-
ing values),andasa resultindex updatesnight becomea
serioushottleneckn a TOODB.

To reducedisk1/O in index operationsthemostrecently
usedindex pages arekeptin anindex page buffer. OIDX
pageswill in generahave low locality, andto increasdahe
probability of finding a certainOD neededor a mapping
from OID to physicaladdressit is alsopossibleto keepthe
mostrecentlyusedndex entries (theODs)in aseparat©D



cacheasis donein the ShoreOODB [6]. With low local-

ity on index pages,a separatéOD cacheutilizes memory
better spacds notwastedon large pagesvhereonly small

partsof themwill beused.An OD cachereducegheindex

lookup costsconsiderablyand canbe extendedto reduce
index updatecostsaswell [10].

However, even when using a “writable” OD cache,
OIDX updatesrestill verycostly. In thispaperwe present
anapproacthto furtherreducethe OIDX updatecosts.Not-
ing that the main reasonfor the bottleneckagainstthe
OIDX is thelow locality of entriesin the OIDX treenodes,
we use an intermediatedisk resident buffer betweenthe
mainmemorybuffer, andthe OIDX itself. We call thisthe
Persistent Cache (PCache).The PCachas typically much
larger thanthe available main memorybuffer, but smaller
thanthe OIDX itself. The entriesin the PCacheareman-
agedn anLRU likeway, justlikeamainmemorycacheIn
additionto reducingupdatecosts the PCachealsoreduces
the lookup costs. Thereasonfor the reducedcosts,is the
higherlocality on PCachepages,comparedo the OIDX
treenodes.Higherlocality meanghatlessdisk operations
arenecessarto readandwrite ODs. ThePCache-to-OIDX
treewritebackcanbe donevery efficiently later This will
bedescribedaterin this paper

In this paper we describethe PCachean detail,andan-
alyze its performanceby the useof costfunctions. We
will studyoptimalsizeof the PCacheandseehow buffer-
ing of nodesin main memoryshouldbe doneto optimize
the PCachegperformancelt shouldalsobe notedthateven
thoughour primary context for this paperis OID indexing,
theresultsarealsorelevantto entry accessostandindex
entrycachingfor generasecondaryndexes.

Theorganizatiorof therestof the papeiis asfollows. In
Section2 we giveanoverview of relatedwork. In Section3
we describeobjectandindex managemerin TOODBS.In
Section4 we describethe PCache. In Section5 we de-
velop anthe OID accessostmodel,andin Section6 we
usethis costmodelto study how differentPCachesizes,
memorysizes,index sizes,and accesyatternsaffect the
performanceFinally, in Section7, we concludethe paper
andoutlineissuedor furtherresearch.

2 RelatedWork

Temporaldatabassystemsrein generaktill animmature
technology andin the caseof transactiortime TOODBS,
we are only aware of one prototypé that has tempo-
ral OID indexing, POST/C++[12]. The performancee-
sultspresentedor POST/C++areonly for relatively small
databasesyheretheindex fits in mainmemory andwe ex-

pectthatwith alargernumberof objects the OIDX would

beabottleneck.

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

1 Supportfor versioningexistsin mostOODBs,but nottemporalman-
agementindexing, andoperations.

LRU managemeni&andassuch,LHAM only helpsin im-
proving write efficiengy, notreadefficiency.

The cost modelsin this paperare basedon previous
work on modelingnon-temporalDODBs [9] andtempo-
ral OODBs[10], but the modelshave beenextendedto in-
cludetheaspect®f thePCacheThebufferandtreemodels
have beencomparedwith simulationresults. Detailedre-
sultsfrom the simulationswith differentindex sizes puffer
sizes,ndex pagefanout,andaccesgpatternscanbefound
in [11].

3 TOODB Object and Index Management

We startwith a descriptionof how OID indexing andver-
sionmanagemerganbedonein aTOODB. This brief out-
line is not basedon ary existing system but the designis
closeenoughto make it possibleto integrateinto current
OODBsif desiredandit will alsobeusedasabasisfor the
OID indexing in theVagabondrOODB.

3.1 Temporal OID Indexing

In a traditional OODB, the OIDX is usuallyrealizedasa
hashfile or a B*-tree,with ODs asentries,andusingthe
OID asthekey. In aTOODB, we have morethanonever-
sion of someof the objects,andwe needto be ableto ac-
cesscurrentaswell asold versionsefficiently. If accesss
mostlyreadingcurrentobjectsit is efficientto havetwo in-
dexes,onewith ODsrepresentinghecurrentversionof the
objects,and onewith ODs representindnistorical objects
(i.e., previousversions). The problemwith this approach,
is thatevery time a new versionis createdwe have to up-
datetwo indexes. A secondapproachjs to usea linked
list of versionsfor eachobject. If accesseare mostly of
the type “get all versionsof an objectwith OID 4", this
is an efficient alternatve. However, accesgo a particular
version,valid at time ¢, is very costly with this approach,
becauseve have to traversethe objectchain.

Ourapproacho indexing is to have one index structure,
containingall ODs, currentaswell as previous versions.
While several efficient multiversionaccessnethodsexist,
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, and mostof themareassumedo beto the current
version. TSB-treesprovidesmoreflexibility thanneeded,
e.g.,combinedkey rangeandtime rangesearchwhichim-
plies an extra cost,while LHAM canhave a high lookup
costwhenthecurrentversionof anobjectis searchedor.

In this paper we assumeone OD for eachobjectver-
sion, storedin a B*t-tree. We include the commit time
TIME in the OD, and usethe concatenatiorof OID and
time, OID||TIME, asthe index key. By doing this, ODs
for a particularOID will be clusteredtogetherin the leaf
nodes,sortedon committime. As aresult,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 appendedo theindex treeasis donein the caseof



theMonotonicB*-tree[3]. Thisoperatioris veryefficient.
However, whenan objectis updated, the OD for the new
versionhasto beinserted into the tree.

It shouldbe notedthatthis OIDX is inefficientfor mary
typical temporalqueries.As aresult,additionalsecondary
indexescanbeneededof whichbothTSB-treeandLHAM
are good candidates.However, the OIDX is still needed,
to supportnavigational queries,one of the main features
of OODBscomparedo relationaldatabassystemsSome
optimizationsarepossibleo thisOIDX, e.g.,usingvariants
of nestedreeindex, but asthe PCachds the focusof this
paperwe will notelaboratamoreon this subjecthere.

3.2 Temporal Object Management

In anon-tempora(one-\ersion)OODB, spacsds allocated
for anobjectwhenit is created andfurtherupdatego the
objectaredonein-place. This implies that after an object
update the previous versionof the objectis not available.
Thephysicallocationof the new versionis the sameasthe
previous version, hence,the OIDX needsonly to be up-
datedwhenobjectsarecreatedandwhenthey aredeleted.

In a TOODB, it is usuallyassumedhat mostaccesses
will betothecurrentversionsof theobjectsin thedatabase.
To keeptheseaccesseasefficientaspossible andbenefit
from object clustering? the databases partitioned,with
currentobjectsin onepartition, andthe previous versions
in the otherpatrtition, in the historical database. Whenan
objectis updatedn a TOODB, the previousversionis first
movedto the historicaldatabaseheforethe new versionis
storedin-placein the currentdatabase.The OIDX needs
to be updatedevery time an object is updated. As long as
themodifiedODsarewritten to thelog beforecommit,we
do not needto updatethe OIDX itself immediately This
is donein the backgroundandcanbe postponedintil the
secondcheckpointafter the OD have beenwritten to the
log. Index pageswill be written to disk eitherbecausef
checkpointingpr becaus®f buffer replacement.

Not all the datain a TOODB is temporal,for some
of the objects,we are only interestedn the currentver
sion. To improve efficiengy, the systemcanbe madeaware
of this. In this way, someof the objectscan be defined
asnon-temporal.Old versionsof theseare not kept, and
the objectscan be updatedin-placeasin an one-\ersion
OODB, andthe costly OIDX updateis not neededwhen
anobjectis modified. Thisis animportantpoint: usingan
OODB which efficiently supportstemporaldatamanage-
ment, should not reducethe performanceof applications
thatdo not utilize thesefeatures.

4 The Persistentindex Entry Cache

The ODs accessedvill be almostuniformly distributed
over theindex leaf nodes. The OD cachemakesreadac-

21t is alsopossiblethatin a TOODB application,a goodobjectclus-
tering includeshistoricalobjectsaswell ascurrentobjects. This should
be studiedfurther but doesnot have ary implicationsto the resultsstud-
ied here,all updatego objectswill necessarilynecessitatallocationsof
spacefor the new object,andanOIDX update.
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Figure 1: Overview of index, PCacheandindex related
main memorybuffers. PCachenodesPC1,PC4andPC6,
and3 OIDX nodegdenotedONODn) arein the buffer.

cesseefficient, but in a databasevith mary objects,most
of the ODsthatareupdatedduringonecheckpoininterval
will residein differentleaf nodes.This low locality means
that many leaf nodes have to be updated. Whenan index
nodeis to be updatedaninstallationreadof the nodehas
to bedonefirst. With alargeindex, theaccesso thenodes
will berandomdisk accessesandasa result,the installa-
tion readis very costly.

To reducethe averageaccesgost, the persistent cache
(PCacheranbeused.ThePCachecontainsa subsebf the
entriesin theOIDX, the goal is to have the most frequently
used ODs in the PCache. In contrastto the main mem-
ory cache(the OD cache)the PCachas persistentsothat
we do not have to write its entriesbackto the OIDX itself
during eachcheckpointintenal. This is actuallythe main
purposeof the PCacheto provide anintermediatestorage
areafor persistentiata,in this case ODs.

Thesizeof thePCachas in generalargerthanthesize
of themainmemory but smallerthanthesizeof the OIDX.
The contentsof the PCachds maintainedaccordingto an
LRU like mechanismTheresultshouldbehighlocality on
accesse$o the PCachenodes,reducingthe total number
of installationreads andmakingcheckpointindesscostly.
AverageDIDX lookupcostshouldalsobelessthanwithout
aPCache.

To avoid confusion,we will hereafterdenotethe index
treeitself asthe TIDX, anduseOIDX to meanthe com-
binedindex system,i.e., PCacheand TIDX. Thus,when
we sayanentryis in the OIDX, it canbein the PCachein



theTIDX, orin both. Thisis illustratedon Figurel.

4.1 PCacheOrganization

The index relatedmain memorybuffers, the PCacheand
theTIDX, areillustratedon Figurel. Thenumberof nodes
in the PCacheshouldbe smallenoughto make it possible
to storepointersto all the PCachenodesin mainmemory
To beableto do the copying of the ODs from the PCache
totheTIDX efficiently, thenodesin the PCacheshouldbe
accesseth the sameorderasthe leaf nodesin the OIDX.
Therefore the nodesin the PCachearerangepartitioned,
eachnodestoresa certaininterval of OIDs.

Range-partitionings vulnerableto skew. To avoid
this, the partitioningcanbe dynamicallychangedfor each
node,we have the OID rangeboundaryin main memory).
Thisis donebasedntheupdateaccessateson eachnode.
A high updateaccessateto a noderesultsin a smallerin-
tenal being allocatedto that node. Becausehe PCache
nodesarefrequentlyaccessedhe repartitioningdoesnot
representary extra cost (the repartitioningcan be done
whenneighbomodesareresidentin the buffer).

It is importantto notethateventhoughreadsof PCache
nodeswill berandomdisk accesseshe PCachenodeswill
be clusteredtogether so that the randomreadof PCache
nodeswill have a smallseektime. Therewill alsobe ser-
eral PCachenodereadrequestsat ary time, so by using
anelevatoralgorithm,the costof readingfrom the PCache
will below.

4.2 PCacheLRU Management

ThePCachenodesareoperatedsimilarto anordinarymain
memory cache,and when an entry is to be storedin a
nodein the PCachepneof the existing entrieshave to be
discarded.To provide accessstatistics,an accesdableis
maintainedor eachnode,with onebit for eachentryin the
node,andwe usethe clock algorithmasan LRU approxi-

mation.An accesdit is seteachtime anentryis accessed.

As for the storageof theaccessableswe have severalop-
tions:

1. Theaccessableof anodecouldbestoredin the node
itself. A problemwith this option,is thatwhenanode
is to be discardedrom the main memorybuffer, and
entrieshave beenaccessedhe nodeneedgo bewrit-
tenbackto disk, evenif noneof theentrieshave been
changedThisis notdesirable.

2. Accesstablesare maintainedin main memory for
eachmain memoryresidentnode. When a nodeis
discardedi.e., dueto buffer replacementthetableis
discardechswell. A problemwith the this option, is
thatuntil enoughaccessebave beendoneto the en-
tries,thebit mapis unreliableasawayto approximate
LRU, andthe“wrong” entriesmightgetdiscarded.

3. Accesstablesaremaintainedn main memoryfor all
PCachenodes Oneproblemwith thethisapproachis
thatonetablefor eachnodein the PCachéds needed,

but becausdhe sizeof eachtableis small(onebit for
eachentryin thenode),thiswill notrepresena prob-
lem aslong asthe PCachas nottoo large. If thesys-
tem crashesthe contentsof the accesdableswill be
lost,andwrongcachingdecisionsnmightbedonewhen
the systemis restarted.This doesonly affect perfor-
mance at startuptime, the ODs of committedopera-
tionsarealwayssafeon disk. To reducetheamountof
wrong cachingdecisionsat startuptime, we storethe
accessablein thenodeaswell whenthenodeis writ-
tento disk. Notethatthis differsfrom option1, where
the nodeis always written backwhenit is discarded,
evenwhenthereareno updatego the ODs storedin
thenode.

Basedon the obsenations above, we concludethat
maintainingaccesgablesin main memoryfor all PCache
nodess thebestapproach.

In additionto theaccesdables,eachnodealsocontains
atableto keeptrackof the statusof theentrieswith respect
to the TIDX. Onedirty bit is neededor eachentry The
dirty bit is seteachtime an entry is modified or inserted
into the node. Only the dirty entriesneedto be written
backto the TIDX, entriesnot marked asmodifiedcanbe
safelydiscardedvhenneeded.

4.3 Update Operations

Whenemploying thePCacheinsertingODsresultingfrom
objectupdates arealways doneto the entryin the PCache,
never directly to the TIDX. Insertingan OD into a node,
impliesdiscardinganothelOD from thenode basednthe
LRU stratey. 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 slotsin
the PCachenode,dirty entriesin the PCacheareregularly
copiedovertotheTIDX itself, asynchronouslin theback-
ground.Thisis doneefficiently by mostly sequentiatead-
ing of thePCachenodesandmostlysequentiainstallation
readandsubsequentriting of the TIDX nodes.

4.4 Object Creations

Objectcreationsarestill applieddirectly to the TIDX. An
OD resultingfrom anobjectcreationis anefficientappend
operationinto the TIDX. In the casewherea new ODsis
to be partof the hot set, it will usuallybe retrieved from
the TIDX nodesbeforethey arediscardedrom the buffer.
TheseODswill onaccesbeinsertednto thePCache.

4.5 ReadOperations

Readoperationdelongto oneof two classesnavigational
(singleobject)read,andscanoperations.

Single Object Read

Readoperationsaredoneby first checkingif the entryto
beaccessed in the OD cacheor the PCacheif notfound
there theTIDX itselfis searchedThesearchin thePCache



might resultin onedisk accessf the actualnodeis notin
buffer. When using rangepartitioning, thereis only one
candidatenode, so that at most one disk accesswill be
neededAccessingheTIDX canresultin oneor moredisk
accesses the TIDX nodesarenotin buffer.
Whenfound,eitherin the PCacheor the TIDX, the OD
is insertednto the OD cache.If theOD wasnotalreadyin
the PCachewe now have severaloptions,for example:

1. Insertthe OD into the PCachemmediately Notethat
at this point, we are guaranteedo have the candi-
datePCachenoderesidentin buffer, becausave have
probedit during the searchfor the OD. If we man-
ageto geta high hit rate on the PCachethe optimal
OD cachesizemightbequite smallin this case.Note
thatthe OD contains,n additionto the entriesin the
PCachedirty entriesresultedfrom updateoperations
notyetinstalledinto the PCache.

2. Insertthe OD into the PCacheonly whenit is to be
discardedfrom the OD cache. In this way, we get
goodmemoryutilization,we do nothave to usespace
for the OD bothin the OD cacheandin the PCache.
However, in this case we arenot guaranteedo have
thecandidaté®Cachenoderesidenin buffer, it might
have beendiscardedsinceit wasprobed.

3. Never insertthe OD into the PCachepnly inserten-
tries into the PCachewhen doing updateoperations.
In thiscasewerely onthe OD cacheto keepthemost
frequentlyaccessedDs, and usethe PCacheto be
able to do efficient updateof the TIDX. This strat-
egy delaysthe updateof the TIDX, and meansthat
more entriescan be collectedbefore batchupdating
the TIDX.

The bestoption to choose dependson accesattern.
Thepossiblenstallationreadof option2 canmakeit costly,
and becauseODs retrieved from read operationsare not
insertedinto the PCachen the caseof option 3, we only
considemptionl in this paper

ScanOperations

Scanoperationanustbe treateddifferentfrom single ob-
jectreadoperationsasonesinglescanoperationrcanmake
the currentcontentsof the whole PCacheto be discarded.
The ODsretrieved during a scanoperationwill in general
have lesschanceof beingusedagain,it is not likely that
thewholecollectionor containerto be scannedrepresents
a hot set. Evenif this is the case,it is possiblethat the
numberof ODsretrievedduringthescan|s largerthanthe
numberof ODsthatfits in the PCache.In this case,f we
do a new scanover the collection/containemwe will have
a PCachehit probability of 0. This is similar to general
buffer managemerin the caseof scanoperations.

As a result, scan operationsshould not update the
PCache but the PCachemust be consultedduring read,
becauserecently updated ODs from the actual con-
tainer/collectiormightresidein the PCacheHowever, this

will not be very costly, becausehe contentsof a physi-
cal containercachedn the PCachewill beclusteredn the
PCaches pagesaswell, sothattheextracostof readingthe
relevantPCachepagess only maminal.

4.6 PCache-to-TIDX Writeback

The updateof the TIDX, i.e., writing dirty entriesin the
PCacheo the TIDX, will bedonein thebackgroundThis
is doneby readingthe PCacheandinstall the dirty entries
of thesenodedntotheTIDX. Thisis donein segmentsj.e.,
a numberof nodes,andwill be mostly sequentiateading
andwriting. The PCache-to-TIDXwritebackis a scanop-
eration,andto avoid buffer pollution, nodesaccessedur-
ing this operationshould not affect the restof the buffer
contentsj.e., they shouldnot malke othernodesto be re-
movedfrom the buffer.

The rateof the writebackis a tuning question.By giv-
ing it higher priority, i.e., doing morefrequentwriteback
of PCachenodes.the probability of a PCachenodebeing
full of dirty entriesis lesslikely. Thisisimportant,because
it reduceghe probability of synchronousvritebacks. On
the otherhand,higherpriority to the writebackalsomeans
thatmore of the disk bandwidthwill be usedfor this pur-
pose becauseachnodecontainsa smallemumberof dirty
entries.

All ODsupdatedsincethe penultimatecheckpointand
still dirty in the OD cache,needsto be installedinto the
PCacheor TIDX duringonecheckpoiniperiod. Thisis not
the casewith the PCache-to-TIDXwriteback. The period
betweereachtimethecontentf aparticularPCachenode
is written backcanbe very 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,t might be that TIDX ac-
cesseollutesthe buffer, resultingin a low hit rate on
PCachenodes.To avoid this, we canuseseparatduffers,
oneTIDX buffer, andonePCachéeuffer. We canalsopin
a certainnumberof theupperTIDX levelsin memory this
canbeadvantageoubecausestrict useof LRU is not opti-
malwhenbufferingnodesof anindex tree.

5 Analytical Model

Analytical modelingin databaseaesearchhasmostly fo-
cusedon I/O costs. This is the mostsignificantcostfac-
tor, andin reasonablémplementationsthe CPU process-
ing shouldgoin parallelwith 1/O transfer makingthe CPU
cost“invisible”. With increasingamountf mainmemory
available,thisis notnecessarilgorrect,but CPUcostscan
easilybe incorporatednto analyticmodels,andhencewe
considerit asan orthogonalissueto the onediscussedn
this paper(thoughit shouldbenotedthatCPUcostshould
not affect the qualitative resultsin this paper).A moreim-
portantaspectof the increasingamountof main memory



however, is thatbuffer characteristicbecomemoreimpor-
tamt, hence,the increasedouffer spaceavailable mustbe
reflectedn themodels.

We useatraditionaldisk model,wherethe costof read-
ing a block from disk is the sumof the startup costTs¢art
and the transfercost Tyanster  In OUr model, the average
startup costis fixed,andis setequialentto ¢,., thetime it
takesto doonediskrevolution. Thetransfercostis directly
proportionalto the block size,andis equivalentto reading
disktrackscontiguouslye.g. transfercostis equalto AL
whereb is the block sizeto be transferredand V, is the
amountof dataon onetrack. Thus,thetotal time it takesto
transferoneblock is Ty (b) = Tstart+ Transfer= tr + 7 L.
Index costscanbe reducedby partitioningthe |nde< over
severaldisks. DeclusteringPCachenodesandTIDX nodes
over severaldisksis straightforvard.

Thetime to reador write arandomindex pageis Tp =
Ty (Sp), whereSp is theindex pagesize. In this paperwe
do not considerthe costof readingandwriting the objects
themseles,or log operationsThosecostsareindependent
of theindexing costs,usuallydoneon separatalisks,and
areissuesrthogonato the onesstudiedin this paper

In this paper we focuson reducingaccesgimes. Ob-
viously, the reducedaccesgimescomesat the expenseof
moredisk spacdor thePCacheAs disk capacityincreases
rapidly, with a correspondinglecreasén price, we expect
thatin mostcasesusingtheextraspacedor the PCacheill
beworthwhile.

As illustratedon Figure 1, a certainamountof mem-
ory, Mipages is resenedfor theindex pagebuffer, i.e., for
bufferingPCachendTIDX pagesandMcache iS resered
for theOD cache.

If weassumehesizeof eachODis Sy, andanoverhead
of Son bytesis neededor eachentryin the OD cachethe
numbetrof entriesthatfitsin theOD cachds approximately
Nocache & (éi‘jﬁagzeh) . If we usean hashtableanda clock
algorithmasanLRU approximationSyh, ~ 8 B (B=bytes).

The numberof index pageghatfits in the buffer is ap-
proximately Nipys ~ ( Sj‘fjgh) . For eachPCachepageon
disk, we needto keepin memorythe disk addresof the
node(4 B), the OID rangeboundary(4 B), andthe LRU
accesgableasdescribedoreviously. This occupiesatotal
of Mpcpr = Spg(% + 8) B, whereSp¢ is thenumber
of PCachenodes.

5.1 Index Entry AccessModel

We assumeccesse®® objectsin thedatabassystento be
random but skewed (someobjectsaremoreoftenaccessed
thanothers).We furtherassumat is possibleto (logically)
partitiontherangeof OIDsinto partitions whereeachpar
titions hasa certainsize and accessprobability This is
illustratedat the bottom of Figure 2 (notethat this is not

how it is storedon disk, this is just a modelof accesses).

We considera databaseén a stablecondition, with a to-
tal of Nopjver Objectsversions(andhence,Nopjver index en-
tries). Note thatwith the TIDX describedn Section3.1,
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Figure2: OID index. Thelower partshovstheindex from
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how it is realizedphysically We haveindicatedwith arrons
how the entriesaredistributedovertheleaf nodes.

performanceis not dependenbf the numberof existing
versionsof an object,only the total numberof versionsin
thedatabase.

In mary analysisandsimulationsthe80/20modelis ap-
plied,where80%of theaccessegoto 20%of thedatabase.
While thisis satishctoryfor analysisof someproblemsit
hasamajorshortcomingvhenusedto estimatehenumber
of distinctobjectsto be accessedWhenapplied,it givesa
muchhighernumberof distinctaccessedbjectsthanin a
realsystem.Thereasoris thatfor mostapplicationsinside
the hot spotarea(20% in this case)thereis an even hot-
terandsmallerareawith amuchhigheraccesgrobability.
Thisis evenmoreimportantfor atemporaldatabaseMost
of theaccessewill beto asmallnumberof thecurrentver
sions. With a large numberof previous versions.this hot
spotareawill bemuchsmallerand“hotter” thantheonein
atypical “traditional” databaseThis hasto bereflectedn
themodel.

5.2

If we assumeanindex treewith spaceutilization U (typ-
ically lessthan 0.69 for a BT-tree), the numberof leaf
1 NO ver 1
nodes.|s NP ~ ULT*”/SMJ The fgnoutﬁ of internal
nodesis F' = |USp/Sie], whereSi is the sizeof anen-
try in aninternalnode. The numberof levelsin thetreeis
H = 1+[logp Nledl- Thenumberof nodesateachlevelin
thetreeis N}, = ( Nige' ] andthetotal numberof nodes

tree
in thetreeis Nyee = Zi:O Niee

Index TreeSize

5.3 Buffer PerformanceModel

Our buffer modelis an extensionof the Bhide, Dan and
Dias LRU buffer model (BDD) [1]. Due to spacecon-
straints,we only presenthe mostimportantaspect®f our
modelin this paperbut a detaileddescriptioncanbefound
in [9].

A databas& theBDD modelhasasizeof N datagran-
ules (e.g., pages) partitionedinto p partitions. Eachpar



tition containsa fraction g; of the datagranules,and a;
of the accessesre done to each partition. The dis-
tributions within each of the partitions are assumedto
be uniform, and all accessesre assumedto be inde-
pendent. We denotea particular partitioning setII =
(ag,---,ap-1,00,---,B-1). For example,for the 80/20
model,ITgg /20 = (0.8,0.2,0.2,0.8). Wewill in thefollow-
ing usell 4 asshortfor the actualOD accesgartitioning
set.

In the BDD model, the steadystateaveragebuffer hit
probabilityis denotedPy( B, N, IT), whereB is thenum-
ber of data granulesthat fits in the buffer. The buffer
hit probability for datagranulesbelongingto a particu-
lar partitionp is denotedP}, (B, N, II). The BDD model
canalsobe usedto calculatethe total numberof distinct
data granulesaccessedfter n accesseso the database,
Nuistinct(m, N, IT).

OD CacheHit Rate

Accessego the OD cachecan be assumedo follow the
assumptionsehindthe BDD model,they areindependent
andrandomrequests By applyingthis modelwith object
entriesasdatagranulesthe probabilityof an OD cachehit
is Pocache= Pbuf(Nocache Noijer, HA)-

General Index Buffer Model

The BDD LRU buffer model only modelsindependent,
non-hierarchicalaccess.Modeling buffer for hierarchical
accesss more complicated. Eventhoughsearcheso the
leaf pagescan be consideredo be randomand indepen-
dent, nodesaccessedluring traversal of the tree are not
independent.We have extendedthe original modelto be
ableto analyzebuffer performancen the caseof hierar
chical index accessesswell [11]. This is basedon the
obsenationthateach level in thetreeis accesseavith the
same probability (assumingraversalfrom root to leaf on
every search) Thus,with atreewith H levels,we initially
have H partitions.Eachof thesepartitionsareof size N .,
where Ni is the numberof index pageson level i in the
tree. Theaccesprobabilityis % for eachpartition.

To accounfor hotspotswe furtherdivide theleaf page
partitioninto p' partitions,eachwith a fraction of §; of
the leaf nodes,and accesgrobability az; relative to the
otherleaf pagepartitions. Thus,in a “global” view, each
of thesepartitionshave size 31,; N, andaccessprobabil-
ity 2%, In total, we have p = p' 4+ (H — 1) partitions.
The hot spotsat the leaf pagelevel make accesgo nodes
on upperlevels non-uniform,but aslong asthe fanoutis
sufficiently large,andthe hot spotareasarenottoo narrow,
we cantreataccesse® nodeson upperlevelsasuniformly
distributedwithin eachlevel. An exampleof this partition-
ing is illustratedto theright on Figure3, whereatreewith
H = 4 levelsandp’ = 2 leaf pagepartitionsis partitioned
intop =2+ (4 — 1) = 5 partitions.

ONOD
ONOD [*** [ONOD
X

TIDX
nodes

PCO | PC1 | | pGi |

PCache
nodes

Figure3: Accesgpartitions.

Index PageAccessModel

As noted,we canassumdow locality in index pages.Be-
causeof theway OlDs aregeneratedgntriesfrom acertain
partition are not clusteredn the index. Thisis illustrated
in Figure2, wherealeafnodecontainingndex entriescon-
tainsunrelatedentriesfrom differentpartitions.Thismeans
thatthe accesgatternfor the leaf nodesis differentfrom
the accesgatternto the databasdrom a logical view. As
describedn [11], we canusethe initial OD partitioning
(the OD acces9attern)II 4 asbasisfor deriving the leaf
nodeaccesgpartitioningIly,.

PCacheHit Rate

We denotethe probability that a certain OD is in the
PCaches Pp, theactualPCachegagemightbein mem-
ory or ondisk.

Thenumberof ODsin eachPCachenodeis LSPJ and
with atotal of Spe nodesthe numberof ODs thatflts in
the PCaches Npc = SPC[SPJ The probability thata
certainOD is in oneof the PCachenodescanbe approxi-
matedto:

Ppc = Poui(Npc, Nobjer, IT4)

PCacheand TIDX Buffer Model

WhenthePCacheandtheTIDX sharehesamemainmem-
ory pagebuffer, the modelhasto reflectthis. Theaccess
probabilitiesfor TIDX nodesandPCachenodesarediffer-
ent,andasaresult,in anLRU manageduffer, thehit rate
will bedifferent.In the buffer model,we usea partitioning
asillustratedon Figure3. Onthefigure,the PCachds one
partition, and eachlevel in the treeis one partition, with
the leaf nodepartition further divided into two partitions,
reflectingthe existenceof hot spotnodegnodesbelonging
to oneof thetwo leaf nodepartitionsneednot actuallybe
physicallyadjacentason thefigure).

Consideringthe pageaccessesall OIDX lookupswill
accesne PCachepage,and (1 — Pp¢) of the lookups
will alsoaccesghe TIDX. EachOIDX lookup resultson
averagein 1 + (1 — Ppc)H pageaccesseslhus, thetotal
accesgprobability of the PCachds apc = m,
which is the fraction of accessecpagesthat is part of

the PCachepartition. The TIDX accessprobability is
(1—Ppc)H

ATIDX = T4(1—Ppo)H "



The total numberof index pagesis Spc + Ngree. The
PCachecontainsfpc = Spc of thesepages,the

Spc+Neree
TIDX containsBrrpx = % Nj:ee of thepages.

The TIDX partitionsis furtherpart|t|0ned|nto p parti-
tionsasdescribedabove, andwe denotethe resultingpar
titioning (Figure3) asIlshared We denotethe PCacheand

TIDX nodebuffer hit probabilitiesas:

PBoytpc = Ptfjfc(]vibuf; Spc + Nyree, Hsharet)

Pbuf (]Vibuf, SPC + Ntree; Hshare()

As notedin Section4.7, it canbe advantageouso use
separatebuffers for the PCacheand TIDX. In that case,
Niputpc buffer pagesare resened for the PCache,and
Niput TiDx buffer pagesareresened for the TIDX, so that
Niput.pc + Ninut.Tipx = Niput- Denotingthe treepartition-
ing asIlyee the correspondindpuffer hit probabilitiesus-
ing separatéuffersare:

Pottox =

N.
Poutpc = I
Posttiox = Pout(Nibut.Tiox , Neree, Mtree)

5.3.1 OIDX Lookup Cost

Assumingwehavetheaddressf all PCachgagesn mem-
ory, andusea rangepartitionedPCacheat mostone disk
accesss neededor eachPCachdookup. Beforea page
canbereadin, anotherhave to bereplaced.A pagemay
containdirty entries,becausall readODsfrom the TIDX

areinsertedmmediately In this casethePCachgagehas
to bewritten back. To be ableto do this efficiently, we use
thefollowing strateyy: Ondisk, we allocatespacgor more
nodesthanthe numberof nodesin the PCache Whenwe
readapage we atthe sametime schedulelirty page(s¥or

writing, to an empty slot nearthe node(s)to beread. In

thatway, the extra write costis only mamginal comparedo
theread. Becausewe at all timeskeepthe pointersto all

PCachenodesin the memory they canbe written backto
differentplacesevery time2 We approximatethe lookup
costto:

Tiookuppc = (1 — Pyt pc) TP

To accesanentryin the TIDX, it is necessaryo traverse
the H levels from the root to a leaf page. To do this, we
need(1 — Pyitipx)H disk accessesThe averagecostof
anTIDX lookupis:

TiookupTipx = (1 — Pout.miox)HTp

With a probability of Pycache the OID entry requested
is alreadyin the OD cacheut for (1 — Pycachg Of there-
guestswe have to accesghe PCache.With a probability
of Ppc, theentryis in the PCache.lf not, the TIDX itself
hasto beaccessedTlheaveragecostto retrieve anentryis:

31t is interestingto notethat by usingthis approachwe do thingsac-
cordingto thelog-structuredile systemphilosophywhich our Vagabond
TOODBwill bebasedn[8].

Tlookup = (1 - Pocacha (TlookupPC
+(1 — Ppc)TiookupTiDX )

5.3.2 OIDX Update Cost

We do not needto updatethe PCacheor the index pages
in the TIDX immediatelyafter an updatehasbeendone.
This is donein the backgroundandcanbe postponedin-
creasinghe probabilitythatseveralupdatesanbedoneto
eachindex pagebeforethey arewritten back. We calcu-
latethe averageindex updatecostasthetotal index update
costsduringanintenal, dividedon the numberof updates.
In this context, we definethe checkpointintenal to bethe
numberof objectsthat canbe written betweenwo check-
points. The numberof written objects,N¢p, includescre-
atedaswell asupdatedobjects. P,awNcp Of the written
objectsarecreationsof new objects,and (1 — Phay)Nep
of the written objectsare updatef existing objects. We
assumehatthe OD cacheis large enoughto keepall dirty
ODsthroughonecheckpoininterval, andthatdeletingand
compactingpagescanbe donein backgroundThis means
that Nop < Nocache Using a stratgy thatwrite a larger
amountof ODs to the log beforeinstalling theminto the
TIDX, is difficult: If we did not keepall ODs not yetin-
stalledinto the OIDX in the memory we would have to
searchthelog on eachaccessto checkif thelog contained
amorerecentversionthantheonein the OIDX.

Creationof NewODs

New objectdescriptorsare createdwhennew objectsare
created. The number of createdobjectsis Ngg =

PravNop. Whennew objectsare created their ODs are
appendedo theindex (we do notdistributetheentriesover
theold nodeandthenew onewhentherightmostnodesare
split), andwe have clusteredupdates.As describedorevi-
ously, objectcreationsaredonedirectly to the TIDX, and
notto thePCacheThis contributesto N;) = 74 cre-
atedleafpages.Thisis asubtredn theindex tree,of height
H,, with S,, = Zfi“o’l Ni pages.Thetotal costof creat-
ing theseobjectdescriptorss the costof writing .S,, index

pagedo thedisk. No installationreadis neededor these
pagesAssumingthatthedisk is nottoo fragmentedthese
pagescanbewrittenin oneoperationmostly sequentially:

Twritenew = Tb (SnSP)

Modification of Existing ODsin the PCache

When an objectis updated,a nev objectversionis cre-
ated,anda new OD hasto beinsertedinto the OIDX. The
numberof updatedobjectsduring onecheckpointinterval
iSNU = Nep — N¢rg.

In general,at leastone OD will be insertedinto each
PCachepage(the numberof updatesn onecheckpointn-
terval is muchlargerthanthe numberof PCacheyages)in
this casethe mostefficientway to updatethe PCachas to
readsequentiallya numberof PCachepagesupdatethem,



write themback,andcontinuewith the next sgment. As-

swmingthat PCache-to-TIDXwritebackhashigh enough
priority, we canassumethat wheninsertinga nev entry
into a PCachenode,thereis alwaysa non-dirty entry that
canberemoved. Thecostof thisis:

Twrite to.rc = 2T3(SpcSp)

whereSp¢ is thenumberof PCachenodes.

PCache-to-TIDX Writeback Cost

Thepurposeof thePCache-to-TIDXnritebackis to always
have non-dirty slotsin the PCachenodes,wherenew en-
triescanbeinserted.The PCache-to-TIDXwritebackruns
continuouslyin thebackgroundThe periodfor eachround
is ideally solong thateachPCachenodeis almostfull of
dirty entrieswhenit is processed.

The costis equalto readinga numberof PCachenodes
(sequentiateading),andwriting the dirty entriesbackto
the TIDX. If we assumezachPCachenodeis almostfull
whenwe processt, we have f Npc entriesto write back
in eachround, where f is the PCachenodedirty fill fac-
tor, i.e.,theamountof dirty entriesin thenode.This value
shouldideally be closeto 1, but to avoid delaysin nor
mal processingdueto overflow of dirty entriesin nodes,
f shouldbe sufficiently small, we will in the calculations
in this paperusea value of 0.90. The numberof update
objectsduringeachroundof PCache-to-TIDXwvritebackis
Nscp = fNpc, which we call the super checkpoint pe-
riod.

Updatingthe index involves a pageinstallationread,
wherethe pagewherethe last (current)versionresidesis
readfrom disk, if the pageis notalreadyin thebuffer. The
costof thisis TiookupTiDX fOr €achdistinct objectmodified.
Thenumberof distinctupdatedbjectsis:

Npu = Nuistined Nscp, Nobjver, 11 4)

However, as notedin Section3.2, not all objectsin a
TOODB aretemporal. We denotethe fraction of the data
accessegoing to temporalobjectsas Pemporar Only up-
datesof theseobjectsalter the OIDX, updatesof non-
temporalobjectswill bedonein-place.The numberof dis-
tinct updatedemporalobjectsis:

|4
NDU = PtemporalNDU

The numberof leaf pagesto be accesse@s a part of the
installationread:

N,, = Ndistinct(Nl‘)/U: Ni?reev HL)

If thereis spacefor the new OD in the leaf nodeof the
TIDX, it canbeinsertedhere,andthe nodecanbewritten
back. If thereis no spacein the node,the nodeis split, a
procesdonerecursvely, possiblyto theroot. If anodeis
split, the parentnodehasto be updatedaswell. Becausaf
the possibility of pagesplits, determiningthe updatecost

is difficult. With sufiiciently mary entrieson eachindex
node, the probability of pagesplit is small enoughto be
neglected[13]. However, for somepagestherearemore
thanoneinsertionto thatpage(possiblygeneratedby sev-
eralupdatedo oneobjectduring onecheckpointinterval,
remembetthat each update creates a new entry to be in-
serted into the OIDX). Thus,we includethe pagesplit in
our costfunctions.Accordingto Loomis[5], the probabil-
ity of asplitin aB™*-treeof orderm is lessthan W

sowe approximatePspiic & W For eachsplit,
the new pageneedsto be written back,aswell asthe up-
datedpareninode.However, notethattheremaybesereral
splits affecting one parentnode,in this case it needsonly
bewrittenbackonce.Theresultingtotal write backcostis:

TI

writeback

= (Nm + Nm2PSpIit)TP
= Nm(l + 2Psplit)TP

The equationabore assumeshattherewill on averagebe
lessthanoneentryto beinsertedn eachleafnode.Thatis
thecaseaslongaswe usethefollowing optimization:If the
checkpointinterval is sufficiently large, it is moreefficient
to readthe completeindex, updatethe index nodes,and
write it back(if memoryis not large enough this is done
in sggments).Thiswill beveryefficient,asthereadingand
writing will be sequentialThe costof thisis:

Tyriteback= 2T5(NireeSP)
giving:

!

. "
Twriteback = min (NmT|00kUP-TIDX + Liriteback Twriteback)

Averagelndex Update Cost

Theaveragandex updatecostperobijectis thetotal costof
updatingthe PCacheandthe PCache-to-TIDXwriteback,
dividedonthenumberof updatedbjects:

Twriteback
Nscp

Twrite_to_PC
Ncp

Twritene/v
Tupdate= +
Ncp

Note that the total PCache-to-TIDXwritebackis for one
supercheckpointperiod,while the PCachaipdateandob-
jectcreatingcostis perordinarycheckpointperiod.

5.4 OIDX AccessCostWithout PCache
In asystermwith no PCachethe OIDX lookupcostis:

Tlookup = (1 - PocachgﬂookupTlDX

Withouta PCacheye needto write backall ODsto the
TIDX eachcheckpointinterval. Thisis similarto PCache-
to-TIDX writeback, exceptthat we now write back only
Nc¢p— N¢g entriesnsteadf Ngo p, whichmalkesit more
difficult to do it efficiently. Theaverageupdatecostis:

TwritebackTIDX
Ncp

_ Twritenav
Tupdate—
Ncp




Set B3 B 9 al al al
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] -

Table 1: Partition sizesand partition accesrobabilities
for the partitioningsetsusedin this study

where TwritebackTiDX 1S calculatedaccordingto the equa-
tions usedfor Tyyiteback €XCeptthat Nop — Neog is used
insteadof Ngop in calculatingNpU. When calculating
the buffer hit probabilities,the index pagebuffer is only
usedfor theTIDX, with theabsencef aPCachenomem-
ory is usedfor PCachepointersandtables.

6 Performance Study

We have now derivedthe costfunctionsnecessario calcu-
latetheaveragecostof OIDX accessinderdifferentsystem
parametersand accesatternswith andwithout the use
of a PCache.We will in this sectionstudy how different
valuesfor theseparametersffectsthe accessost, under
which conditionsusinga PCaches beneficialandoptimal

sizesfor the PCache.The mix of updatesandlookupsto

the OIDX affectsthe optimal parametewvalues,and they

shouldbe studiedtogether If we denotethe probability
thatan operationis a write as Pyite, the averageindex ac-
cesscostis the averageof the costof all index lookupand
index updateoperations:

TaccesF (1 - Pwrite)TIookup + PwriteTupdate

Our goal hereis to minimize Tyhecess We measurehe
gainfrom usinga PCachewith optimal parametewralues,
as:

Gain= 100 <TaccessnoPCache_ Taccess>

Taccess

where TaccesmopcachelS the accesscostwhen not usinga
PCacheln therestof this paperwe give PCachesizeasa
fractionof theTIDX size.

It is difficult to know whatkind of accesgatternthat
will beexperiencedn TOODBS.lt is possibleto do predic-
tions basedon currentaccesgatternsput we believe that
it is quite possiblethatwhensupportfor temporalfeatures
becomecommon,applicationdeveloperscanutilize these
in new ways. Theaccespatternsusedin this paperdo not
necessarilyepresenary of these but we will usethemto
shaw thatthe gainfrom usingthe PCachds considerable,
undermostconditionsandaccesgatterns.

We have usedfour accesgatterns. The partition sizes
and accesgrobabilitiesare summarizedn Table 1 (note
thatthis is the OID accesgatternIl4, andnot the index
page accesgatternlIly). In the first partitioning set,we
have three partitions, extensionsof the 80/20 model, but

Parameter| Value Parameter| Value
Mcache 0.1M Nopjver 100 mill.
Vs 50KB U 0.67

tr 8.33ms || Nep 0.9Nocache
Sp 8 KB Phey 0.2

Sod 32B Pite 0.2

Soh 8B Ptemporal 0.8

Sie 16B

Table2: Defaultparameters.

with the 20% hot spotpartition further divided, into a 1%
hot spotarea,a 19% lesshot area,and a 80% relatively
coldarea.Thesecondartitioningsetresemblesheaccess
patterncloseto whatwe expectit to bein future TOODBS,
with a large cold set, consistingof old versions. The two
othersetsin this analysishave eachtwo partitions,with hot
spotareaf 20%and5%.

Unlessotherwisenoted,resultsandnumbersn the next
sectionsarebasedn calculationausingdefault parameters
assummarizedn Table2.* Notethatin this paper when
wetalk aboutavailablemainmemory we only considethe
memory available for index relatedbuffering, M;. Main
memoryfor object pagebuffering is orthogonatto this is-
sue.

With the valuesin Table 2, the ODs would occupy
=~ 3.1 GBif storedcompactly Typically, the objectsthem-
selves occupiesat leastfour times as much spaceas the
OIDX, if thisis reflectedn availablemainmemorybuffer,
M; = 50 MB shouldimply atotal buffer memoryof 200-
300 MB. In this study we mainly investigatethe index
memoryinterval from AM; = 1 MB to M; = 50 MB, as
thisis the mostdynamicareaof OIDX accesgost,but we
will also shawv how the availability of larger amountsof
memoryaffectsperformance.

6.1 The Effect of Usinga PCache

Figure 4 illustratesthe typical costinvolvedin OIDX ac-
cessusingthe default parametershut with differentindex
memorysizesM;. Thegainis from 20%to several 100%.
We seethatthePCachas especiallybeneficiawith relative
smallindex memorysizescomparedo thetotalindex size.
As theindex sizeincreasesthe gain decreaseébut aswe
will shov in Section6.4,the gainactuallyincreasesgain
with largermainmemorysizes).

6.2 Optimal PCacheSize

Theoptimal PCachesizesareillustratedto theleft on Fig-
ure 5. With accesgattern2P8020and 3P1, mostof the

4Notethateventhoughsomeof the parametecombinationsn thefol-
lowing sectionsareunlikely to representhe averageover time, they can
occurin periods,e.g.,morewrite thanreadoperationslt is in situations
like this thatadaptve selftuningsystemswvould beinterestingwhenpa-
rametersetsdiffers from the average,which systemstraditionally have
beentunedagainst.
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Figure5: Optimal PCachesizefor differentaccesgatterngo theleft. In the middle,the effect of differentupdateratios
Pt for accespattern3P2.To theright, wehavetheOIDX accesgostwith andwithoutemployingaPCacheemploying

largeindex memorysizes.

availableindex memory exceptthe memoryresened for
the OD cachejs usedto storethe pointersandLRU tables
for the PCache.2P9505and 3P2 have more emphasized
hotspotares,n thiscaseasmallerPCachas optimal,just
enoughto storethehot spotarea.

6.3 The Effect of Differ ent Update Ratios

The main purposeof the PCachés to increaseOIDX up-
dateperformanceThis is illustratedvery well on the mid-
dle subfigureof Figure5, which shavs the gainusingdif-
ferentvaluesfor Py ite.

6.4 The Effect of Lar ger Amounts of Memory

The right subfigureof Figure 5 illustratesthat using a
PCaches alsobeneficialwhenalargemainmemorybuffer

is available. TheminimumgainhereiswhenlM; ~ 80 MB.

At thatpoint, the gainis 94%. It thenincreasesgain,until

M; ~ 300 MB, wherethegainis over600%.After that,the
gainfrom usingPCacheslowly decreasesyith increasing
amountof availablemainmemory

6.5 The Effect of Differ ent PageSizes

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

mise of two contradictingfactors. Becauseof low local-

ity, large pagesizesin anOIDX meananorewastedspace
in theindex pagebuffer, andthe optimal pagesizeis thus
muchsmaller However, smallpageslsoresultsin ahigher
tree. Eventhoughin mostcaseaupperlevels of the index

treewill be residentin memory a tree with smallerpage
size also needsmore space reducingthe buffer hit prob-
ability. We canseethat therearetwo strateiesfor effi-

cieng/: Eitherlarge pager which is particularly advanta-
geousfor the creationof objects,andsmall pagesto cap-
turethefactthatthereis low level of sharing.We have stud-
ied optimalpagesizedor thedifferentaccesgatternswith

possiblepagesizesbetween2 KB and64 KB. All showvs
thatasmallpagesize,lessthanthe8 KB blockscommonly
used,s beneficial.

6.6 PCacheUsing SeparateBuffers

We have alsodonethe analysiswith separatéuffers for
the PCacheand TIDX. The analysisshavs thata costre-
ductionof a few percent,typically from 2 to 3%, canbe
found. However, in this casejt is very importantwith ac-
curatebuffer partitioning. This assumeg&nowledgeof cur-
rentaccesatternatall times,somethingvhichis difficult
in practice. LRU buffer managemenis in this senseself



adaptve,andwith only mamginalimprovementwhenusing
separatduffer, we adviceagainstusingseparatduffers.

7 Conclusionsand Future Work

We havein this paperdescribedhe PCacheandhow it can
be usedto improve performancen an TOODB by reduc-
ing the numberof disk operationsneededor index main-
tenance.We have developedcostmodelswhich we have
usedto analyzethe improved performanceand character
istics of the PCache underdifferentaccessatterns,and
memoryandindex sizes.Theresultsshow that:

1. TheOID indexing costin aTOODBwill belarge,but
canbereducedvy theuseof aPCache.

2. Thegainfrom usinga PCachecanbelarge.

3. The gainis especiallygood when using an optimal
sizeof thePCacheHaving anoptimally tunedsystem
is important. Accesspatternin a databaseystemis
dynamic,andthe systemshouldbeableto detecthis,
andtunethe size of index pagebuffer andOD cache
sizeaccordingly The costmodelsin this papercanbe
of valuableusefor optimizersand automatictuning
toolsin TOODBs.

In this paper we have describedseveral strateyies for
PCachelLRU table storage and PCacheupdatestratagjies
whendoing readoperations. Theseissuesare interesting
furtherwork. It is possiblehatby combiningseveralstrate-
giesin a dynamicadaptve PCache performancecan be
improvedevenmore,andmakingthe systemlessvulnera-
ble to rapidly changingaccespatternsandvariantsof data
skew.

This paperdescribedhe PCacheausedto improve OID
index in TOODBs. The PCacheshouldalsobe applicable
to generakecondaryndexing, especiallyinterestings ap-
plicationswhereupdatesare not clustered,i.e., have low
locality.
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