Efficient Useof Signaturesin Object-Oriented
DatabaseSystems

Kjetil Narvag

Departmenbf ComputerandinformationScience
NorwegianUniversity of ScienceandTechnology
7491Trondheim Norway
email:noenaag@idi.ntnu.no

Abstract. Signaturesrebit strings,which aregeneratedby applyingsomehashfunctionon someor
all of the attributesof an object. The signaturef the objectscanbe storedseparatelyfrom the ob-
jectsthemseles,andcanlater be usedto filter out candidateobjectsduring perfectmatchqueries.in
an object-orientedlatabaseystem(OODB) usinglogical OIDs, an objectidentifierindex (OIDX) is
neededo mapfrom logical OID to the physicallocationof the object.In this reportwe shawv how the
signatureganbestoredn theOIDX, andusedto reducetheaverageobjectaccesgostin asystem\We
alsoextendthis approacho transactiorime temporalOODBs(TOODB), wherethis approachs even
morebeneficial becausenaintainingsignaturegomesvirtually for free.We developa costmodelthat
we useto analyzethe performancef the proposedpproachesindthis analysisshovs thatsubstantial
gaincanbeachieved.

Keywords: Signaturespbject-orientediatabaseystemstemporalobject-orientediatabaseystems

1 Intr oduction

A signaturas abit string,whichis generatetby applyingsomehashfunctiononsomeor all of theattributes
of anobject! Whensearchingor objectsthat matcha particularvalue, it is possibleto decidefrom the
signatureof anobjectwhetherthe objectis a possiblematch.The sizeof the signaturess generallymuch
smallerthanthe size of the objectsthemseles,andthey arestoredseparatdrom the objectsthemseles,
in signaturdiles. By first checkingthesignaturesvhendoinga perfectmatchquery thenumberof objects
to actuallyretrieve canbereduced.

Signaturdiles have previously beenshowvn to beanalternatve to indexing, especiallyin the context of
text retrieval. Signaturdiles canalsobeusedn generafueryprocessingalthoughthisis still animmature
researctarea.

The maindravbackof signaturdfiles, is thatsignaturefile maintenanceanberelatively costly, every
time the contentof anobjectchangesthe signaturdile hasto be updatedaswell. To bebeneficial ahigh
readto write ratio is necessaryin addition,high selectvity is neededat querytime to make it beneficiato
readthesignaturdile, in additionto the objectsthemseles.

Inthisreport,wefirst shov how signatureganbeincorporatednto traditionalobject-orientediatabases
(OODBs),secondwe shav how they canhow they canbe usedin tempoal OODBs,with only mamginal
maintenanceost.

Every objectin anOODB is uniquelyidentifiedby anobjectidentifier (OID). To dothe mappingfrom
logical OID to physicallocation,anOID index (OIDX), oftena B-treevariant,is used? Theentriesin the
OIDX, which we call objectdescriptos (OD), containghe physicaladdres®of the object.Becausef the
way OIDs aregeneratedDIDX accessebave often low locality, i.e., often only one OD in a particular
OIDX leaf nodeis accessedt a time. This meangshat OIDX lookupscanbe costly, but they have to be
doneevery time an objectis to be accessedaswill be explainedlater, the lookup costcanbe reduced

! Notethatsignatuesarealsooftenusedin othercontexts, e.g.,functionsignaturesndimplementatiorsignatures.
2 SomeOODBsavoid the OIDX by usingphysicalOIDs. In thatcasethe OID givesthe physicaldisk pagedirectly.

While this potentiallygivesa higherperformanceit is very inflexible, andmalestasksasreclusteringandschema
managemennoredifficult.



by emplgying OD caching).However, OIDX updatesareonly neededvhenan objectis createdbecause
updatego objectaredonein-place,sothatthe mappinginformationin the OIDX is still valid. Only when
anobjectis moved,or deletedthe OD in the OIDX needgo beupdatedneedgo be

Our approacho reducethe averageaccesostsin the systemjs to includethe signatureof anobject
in the OIDX itself. This meansthatthe OD now alsoincludesthe signaturejn additionto the mapping
information.Whenwe later do a valuebasedsearchon a set,we canin mary casesavoid retrieving the
objectsthemseles,in mary casescheckingthesignaturan the OD is enoughto excludeanobjectduring
aperfectmatchsearchThe OD will have to beretrievedanyway, becausé is neededo find the physical
locationof the object,sothereis no additionalcostto retrieve the OD, comparedo not usingsignatures.
Storingthe signaturein the OIDX increaseshe sizeof the OD, andthe size of the OIDX, andmakesan
OIDX updatenecessargvery time anobjectis updatedput aswe will shav laterin this report,in spiteof
this extracost,it will in mostcasedebeneficial.

A contet wherestoringsignaturesn the OIDX is evenmoreinteresting s transactiontime OODBs
(TOODBSs).In a TOODB, objectupdatesdo not make previous versionsunaccessibleOn the contrary
previous versionsof objectscanstill be accessedndqueried,anda systemmaintainedimestamps as-
sociatedwith every objectversion.This timestamps the committime of the transactiorthat createdhis
versionof the object.In a non-temporalODODB, the OIDX updatewould not be necessaryf we did not
wantto maintainsignaturesin a TOODB, on the otherhand,the OIDX mustbe updatedevery time an
objectis updated becauseave adda new version,andthe timestampandthe physicaladdresof the new
versionneeddo beinsertedinto the index. This is animportantobsenration. Introducingsignatureonly
maminally increaseshe OIDX updatecosts becausef thelow locality on updatesit is thedisk seektime
thatdominatestheincreasedizeof the ODsis of lessimportanceThismeanghat with this approadc, we
canmaintainsignatuesat a verylow cost,andthat by usingsignatues,oneof the potentialbottlene&sin
an TOODB, thefrequentand costlyOIDX updatescanbeturnedinto an advantage!

Theorganizatiorof therestof thereportis asfollows. In Sect.2 we give anoverview of relatedwork.
In Sect.3wegiveabriefintroductionto signaturesin Sect.4 wedescribéndexing andobjectmanagement
in a TOODB. In Sect.5 we describehow signaturesanbe integratedinto OID indexing. In Sect.6 we
developa costmodel,which we usein Sect.7 to studythe performancevhenusingsignaturesstoredin
the OIDX, with differentparameter@and accesatternsin Sect.8 we describehow the advantageof
signaturesanbefurtherincreasedn queryprocessingandfinally, in Sect.9, we concludethereportand
outlineissuedor furtherresearch.

2 RelatedWork

Severalstudieshave beendonein usingsignaturesasa text accessnethodsge.g.[1,6,7,12,19,20]. Less
hasbeendonein usingsignaturesn ordinaryqueryprocessingbut signaturehiave beenusedin querieon
set-aluedobjects[9-11]. Studiesandcomparison®f differentsignaturefile organizationcanbe found
in [8, 18], anda performancevaluationof dynamicsignaturefile methodss givenin [20].

We havein apreviouspaperdevelopedacostmodelof OID index lookupcostin non-temporaDODBSs,
andstudiedhow memorycanbebestutilizedin bufferingof OIDX pagesandindex entrieg16]. Thisstudy
wasextendedo temporalOODBSs[17].

We do not know of any OODB wheresignatureshave beenintegrated,but we plan to integratethe
approachedescribedn thisreportin the Vagabondgarallel TOODB[15].

3 Signatures

In this sectionwe will describesignatureshow they canbeusedto improve queryperformancehow they
aregeneratedandsignaturestoragealternatves.

A signatureis a bit string, generatedy applying somehashfunction on the object,or someof the
attributesof the object.By applyingthis hashfunction,we geta signatureof F' bits, with m bits setto 1. If
we denotetheattributesof anobjectas A, A4,, .. ., A,, thesignatureof objecti is:

§; = Sh(AJ,Ak)



wheresS}, is ahashvaluegeneratingunction,andA;, .. . Ay aresomeor all of the attributesof the object.
Thesizeof thesignaturds usuallymuchsmallerthanthe objectitself.

3.1 UsingSignatures

A typical exampleof the useof signaturess a queryto find all objectsin a setwherethe attributesmatch
acertainnumberof values:

Aj =’Uj,...,Ak = Vg
This canbedoneby calculatingthe querysignatures, of thequery:
Ss = Sh(Aj = Uj,...,Ak = ’Uk)

Thequerysignatures, is thencomparedo all the signatures; in thesignaturéile to find possiblematch-
ing objects A possiblematchingobject,adrop, is anobjectthatsatisfieghe conditionthatall bit positions
setto 1 in thequerysignaturealsoaresetto 1 in theobjects signatureThedropsformsasetof candidate
objects.An objectcanhave a matchingsignatureevenif it doesnot matchthe valuessearchedor, soall
candidatebjectshave to beretrievedandmatchedhgainsthevaluesetthatis searchedor. The candidate
objectsthatdoesnot matcharecalledfalsedrops

3.2 Signature Generation

The methodsusedfor generatinghe signaturedepend®n theintendeduseof the signatureWe will now
discusssomerelevantmethods.

WholeObjectSignatue. In this casewe generat@a hashvaluefrom thewholeobject.This valuecanlater
beusedin a perfectmatchsearchthatincludesall attributesof the object.

One/MultiAttribute Signatues. Thefirst method wholeobjectsignatue, is only usefulfor alimited setof
gueriesA moreusefulmethodis to createhehashvalueof only oneattribute. This canbe usedfor perfect
matchsearcton a specificattribute. Often,a searchs on perfectmatchof a subsebf theattributes.If such
searchegareexpectedo befrequentit is possibleo generatéhe signaturérom theseattributes,againjust
looking atthe subsef attributesasa sequencef bits. This methodcanbe usedasafiltering techniquen
morecomplex querieswheretheresultsfrom thisfiltering canbeappliedto therestof thequerypredicate.

Superimpose€oding Methods. The previous methodsare not very flexible, they canonly be usedfor
guerieson the setof attributesusedto generatehe signature.To be ableto supportseveral querytypes,
thatdo perfectmatchon differentsetof attributes,a techniquecalled superimposedodingcanbe used.
In this casea separatattribute signaturefor eachsignatureis created The objectsignaturds createdoy
performinga bitwise OR on eachattribute signaturefor anobjectwith 3 attributesthe signatureds:

S; = Sh(Ao) ORSh(A1) ORSh(AQ)

This resultsin a signaturethat canbe very flexible in its use,and supportseveral typesof querieswith
differentattributes.

Superimposedodingcanalsobe usedon a set-attritutes(attributesin anobjectthatarethemselesa
set).A signaturas createdor eachmemberof theset. ThesesignaturesreOR-edtogetheto createheat-
tributesignaturg9, 11]. By usingthistechniquegueriesof thetypeis-subsethas-subsetas-intesection
andis-equal canbe answeredefficiently, in mary caseswith lesscostthanalternatvesas,e.g.,usinga
nestedndex (a B-treevariantwherethe leaf nodesentriesare composedf a key valueandthe OIDs of
the objectsthathave this key valuein theindex nestedattribute).



Signatuesfor FastText Access.Fasttext acceshasbeenthe mainapplicationof signaturesin this case,
thesignatures usedto avoid full text scanningdf eachdocumentfor examplein asearctor certainwords
occurringin a particulardocumen{6].

In the caseof documentstherecanbe morethanonesignaturefor eachdocumentThe documents
firstdividedinto logicalblocks,which arepiecesof text thatcontaina constanhumberof distinctwords.A
word signatures createdor eachword in theblock,andtheblock signaturds createdby OR-ingtheword
signaturesWhensearchingor documentgontainingoneor moreparticularwords,eachblock signature
is comparedvith the querysignaturgthe signaturegeneratedrom the querywords).Theresultsetis the
documentshathave blocksmatchingthe querysignatureBecauseachblock hasafixedsize,thenumber
of signaturedor a certaindocumentepend®n the sizeof the documentpr moreexactly, the numberof
distinctwordsin thedocument.

3.3 Signature Storage

Traditionally, the signature$ave beenstoredin separatdiles, outsidetheindexesandobjectsthemseles.
Thefile(s) containss; for all objectsi in therelevantset. The sizeof thesefilesis in generamuchsmaller
thanthesizeof therelation/setf objectsthatthe signaturearegeneratedrom, anda scanof thesignature
file(s)is muchlesscostlythana scanof thewholerelation/sebf objects.Two well-know storagestructures
for signaturesreSequentiabignatue Files (SSF)andBit-SlicedSignatue Files (BSSF) Jessusedarethe
dynamicsignaturefile methodslin the simplestsignaturefile organization SSF the signaturesre stored
sequentiallyin afile. A separatgointerfile is usedto provide the mappingbetweersignatureandobjects.
In an OODB, this file will typically be a file with OIDs, onefor eachsignature During eachsearchfor
perfectmatch,thewhole signaturefile hasto beread.Updatescanbe doneby updatingonly oneentryin
thefile.

With the otherapproactBSSFE eachbit of the signatureis storedin a separatdile, sothatwith a sig-
naturesize F', the signaturesredistributedover F’ files, in steadof 1 file asin the SSFapproachThisis
especiallyusefulif we have large signaturesin this case we only have to searchthefiles corresponding
to the bit fieldswherethe querysignaturenasa “1”. This canreducethe searchtime considerablyHow-
ever, eachupdateimplies updatingup to F' files, which is very expensve. So, evenif retrieval costhas
beenshowvn to be muchsmallerfor BSSF the updatecostis much higher 100-1000timeshigheris not
uncommon9]. Thus,BSSFbasedapproachearemostappropriatdor relatively staticdata.

Severalimprovementof theBSSFhave beenproposedmostof themimply someverticalor horizontal
decomposition[810]. Variantsthatusessignaturecompressiomndmulti level signatureslsoexist.

To bettersupportinsertions deletions andupdatesseveral dynamicsignaturefile methodshave been
proposq20]. Thesearemultiway treevariantsandhashfile variants.

3.4 FalseDrop Probability

The purposeof this reportis to shav the benefitsof using signaturesn the OIDX, sowe will restrict
this analysisto attribute matchesusingthe superimposedechnique.The falsedrop probability whena
signaturds generatedrom D attributesis [7]:

Fln2

1
F;= (i)m,wherem =

In the caseof atext documentD is thenumberof distinctwordsin a block.

4 TOODB Object and Index Management

We startwith adescriptionof how OID indexing andversionmanagementanbe donein aTOODB. This
brief outline is not basedon ary existing system,but the designis closeenoughto make it possibleto
integrateinto currentOODBsif desired,andit will alsobe usedasa basisfor the OID indexing in the
VagabondrOODB.



4.1 Temporal OID Indexing

In atraditional OODB, the OIDX is usuallyrealizedasa hashfile or a B+-tree,with ODsasentries,and
usingtheOID asthekey. In aTOODB, we have morethanoneversionof someof theobjectsandwe need
to beableto accesgurrentaswell asold versionsefficiently. Ourapproacho indexing is to have oneindex
structure,containingall ODs, currentaswell as previous versions.While several efficient multiversion
accessnethodsexist, e.g., TSB-tree[13] andLHAM [14], they arenot suitablefor our purpose We will
never have searchfor a (consecutie) rangeof OIDs, OID searchwill alwaysbe for perfectmatd, and
mostof themareassumedo be to the currentversion. TSB-treesprovidesmoreflexibility thanneeded,
e.g.,combinedkey rangeandtime rangesearchyhichimpliesanextra cost,while LHAM canhaveahigh
lookup costwhenthe currentversionis to be searchedor. It shouldbe notedthatthis OIDX is inefficient
for mary typical temporalqueries As aresult,additionalsecondaryndexescanbe neededpf which both
TSB-treeand LHAM are good candidatesHowever, the OIDX is still neededto supportnavigational
gueriespneof themainfeaturesof OODBscomparedo relationaldatabassystems.

In this report,we assumeneOD for eachobjectversion,storedin a B*-tree.We includethe commit
time TIME in the OD, andusethe concatenationf OID andtime, OID|| TIME, astheindex key. By doing
this, ODsfor a particularOID will be clusteredtogetherin the leaf nodes,sortedon committime. As a
result,searchor thecurrentversionof a particularOID aswell asretrieval of aparticulartime interval for
anOID canbedoneefficiently.

Whena new objectis created i.e., a new OID allocated,its OD is appendedo the index treeasis
donein the caseof the MonotonicB*-tree[5]. This operatioris very efficient. However, whenanobjectis
updatedthe OD for the new versionhasto beinsertedinto thetree

4.2 Temporal Object Management

In a non-temporalone-\ersion)OODB, spaceis allocatedfor an objectwhenit is created.and further
updatedo theobjectaredonein-place.Thisimpliesthatafteranobjectupdate the previousversionof the
objectis notavailable.The physicallocationof thenew versionis the sameasthe previousversionhence,
the OIDX needwnly to beupdatedvhenobjectsarecreatecandwhenthey aredeleted.

In aTOODB, it is usuallyassumedhatmostaccessewill beto the currentversionsof the objectsin
thedatabaselo keeptheseaccesseasefficientaspossible andbenefitfrom objectclusteringthedatabase
is partitioned,with currentobjectsin onepartition,andthe previousversionsin the otherpartition,in the
historical database Whenan objectis updatedin a TOODB, the previous versionis first movedto the
historicaldatabaseheforethe new versionis storedin-placein the currentdatabase.

We assumehatclusteringis not maintainedor historicaldata,sothatall objectsgoinghistorical,i.e.,
beingmovedbecausehey arereplacedoy a new currentversion,canbe written sequentiallysomething
which reducesupdatecostsconsiderablyThe OIDX is updatedeverytimean objectis updated

Not all thedatain a TOODB s temporal for someof the objects,we areonly interestedn the current
version.To improve efficiengy, the systemcanbe madeaware of this. In this way, someof the datacan
be definedasnon-temporalOld versionsof thesearenot kept,and objectscanbe updatedn-placeasin
anone-\ersionOODB, andthe costly OIDX updateis not neededvhenthe objectis modified. Thisis an
importantpoint: usingan OODB which efficiently supportdemporaldatamanagemensghouldnotreduce
the performancef applicationghatdo not utilize thesefeatures.

5 Storing Signaturesin the OIDX

Thesignaturecanbestoredtogethemwith themappingnformation(andtimestampn thecaseof TOODBS)
in the OD in the OIDX. Perfectmatchqueriescanusethe signatureso reducethe numberof objectsthat
have to beretrieved,asonly the candidatebjects with matchingsignatureneedto beretrieved.

Optimalsignaturesizeis very dependendf dataandquerytypes.ln somecaseswe canmanagevith
avery small signaturejn othercasesfor examplein the caseof text documentsye wanta muchlarge
signaturesize.lt is thereforedesirableto be ableto usedifferentsignaturesizesfor differentkind of data,
andasaresult,we shouldprovide differentsignaturesizes.

The maintenancef objectsignaturesmplies computationabverheadandis not alwaysrequiredor
desiredWhetherto maintainsignature®r not, canfor examplebe decidedon a perclassbasis.



6 Analytical Model

Dueto spaceconstraintsye canonly present brief overview of thecostmodelused For amoredetailed
descriptionwe referto [17].

Our costmodelfocuson disk accesgosts asthisis the mostsignificantcostfactor In our disk model,
we distinguishbetweerrandomandsequentiabccessedlith randomaccessthetime to reador write a
pageis denotedl'p, with sequentiahccessthetime to reador write a pageis T's. All our calculationsare
basedn apagesizeof 8 KB.

The systemmodeledin this report,is a pagesener OODB, with temporaloperationsasdescribedn
thepreviouschaptersTo reducedisk I/O, themostrecentlyusedindex andobjectpagesarekeptin apage
buffer of size Mpws. OIDX pageswill in generahave low locality, andto increaseheprobabilityof finding
acertainOD neededor amappingfrom OID to physicaladdressthe mostrecentlyusedODsarekeptin a
separat®©D cacheof size Mocache CONtAININGNocache ODS. The OODB hasatotal of M bytesavailablefor
buffering. Thus,whenwe talk aboutthe memorysize M, we only considetthe partof mainmemoryused
for buffering, notmainmemoryusedfor the programitself, otherprogramstheoperatingsystemetc. The
mainmemorysize M is thesumof the sizeof the pagebuffer andthe OD cache.

With increasingamountsof main memoryavailable,buffer characteristicarevery important,andto
reflectthis, our costmodelincludesbuffer performanceswell, to calculatethe hit ratesof the OD cache
andthepagebuffer. Ourbuffer modelis anextensionof theBhide,DanandDiasLRU buffer model[2]. An
importantfeatureof the BDD model,which make it more powerful thansomeothermodels,is thatit can
be usedwith non-uniformaccesdlistributions The derivation of the BDD modelin [2] alsoincludesan
equatiorto calculatethe numberV, of distinctobjectsout of atotal of N acces®bjectsgivenaparticular
accesdlistribution. We denotethis equationNy;stinc: (Ng, N). In this report, we denotethe buffer hit
probability of an objectpage Py, r_opage, NOtethatevenif index and objectpagessharethe samepage
buffer, the buffer hit probabilityis differentfor index andobjectpages.

The accesyatternaffects storageand retrieval costsdirectly and indirectly, throughthe buffer hit
probabilities Theaccesgatternis oneof theparameteri ourmodel,andmodeledhoughtheindependent
referencanodel,i.e.,theobjectsin thedatabasarelogically partitionedinto anumberof partitions,where
the sizeandaccessprobability of eachpartition canbe different.We denotea particularpartitioningi as
1I1;.

In this report,we do not considerthe costof log operationspecausehe loggingis doneon separate
disks,andthecostis independentf the othercosts.

To analyzethe useof signaturesn the OIDX, we needa costmodelthatincludes:

1. OIDX updateandlookupcosts.
2. Objectstorageandretrieval.

The OIDX lookupandupdatecostsarecalculatedwith our previously publishedcostmodel[17]. The
only modificationdoneto this costmodelis that signaturesrestoredin the objectdescriptor{ODs).As
aconsequencéhe OD sizevarieswith differentsignaturesizes.n practice asignaturesn anOD will be
storedasa numberof bytes,andfor this reasonwe only considersignaturesizesthataremultiplesof 8.

The averageOIDX lookup cost, i.e., the averagetime to retrieve the OD of an object, is denoted
Toidxlookup, @Ndthe averagetime to do an updateis Toiax update NOt all objectsaretemporal,andin our
model,we denotethefractionof the operationgloneon temporalobjectsas Pemporar FOr thenon-temporal
objects;f signaturesrenotmaintainedthe OIDX is only updatedvhenthe objectsarecreated.

6.1 Object Storageand Retrieval CostModel

Oneor more objectsare storedon eachdisk page.To reducethe objectretrieval cost, objectsare often
placedon disk pagesn away thatmalesit likely thatmorethanoneof the objectson a pagethatis read,
will be neededn the nearfuture. This is called clustering.In our model,we definethe clusteringfactor
C asthefraction of anobjectpagethatis relevant,i.e., if thereare N, ,,4. Objectson eachpage,andn
of themwill beused,C' = - "me. If No_page < 1.0, €.9.,the averageobjectsizeis largerthanonedisk
pagewe defineC' = 1.0.




ReadObjects. We modelthedatabaseeadaccesseas:

1. Ordinaryobjectaccessesssumedo benefitfrom thedatabaselustering,and
2. Perfectmatchquerieswhich canbenefitfrom signatures.

We assumehe perfectmatchqueriesto be a fraction P,,,, of thereadaccessesindthat P4 is thefraction
of queriedobjectsthatareactualdrops. Assumingaclusteringfactorof C, theaverageobjectretrieval cost,
excludingOIDX lookup,is:

, 1
readobj — CNO page Treadpage

wherethe averagecostof readingonepagefrom thedatabaseyhich may or maynotbein the buffer, is:

Treadpage = (]- - Pbuf_opage)TP

Whenreadingobjectpagesduring signaturebasedjuerieswe mustassumeave cannot benefitfrom clus-
tering,becauseve retrieve only a very smallamountof the total numberof objects.In thatcase pnepage
mustbereadfor every objectthatis retrieved:

" _
Treadobj — +treadpage

Theaverageobjectretrieval cost,employing signaturesis:

Treadobj = TOidXJOOkUp + (1 - qu)T;'eadobj + qu (PAT’rI'izadobj + (1 - PA)Fd ;ﬁzadobj)

which meanghatof the P,,,, thatarequeriesfor perfectmatch,we only needto readthe objectpagein the
caseof actualor falsedrops.

UpdateObjects. Updatingcanbe donein-place,with write-aheadogging (WAL). In that casea trans-
action can commit after its log recordshave beenwritten to disk. Modified pagesare not written back
immediately this is donelazily in the backgroundasa partof the buffer replacemenand checkpointing.
Thus,a pagemaybe modifiedseveraltimesbeforeit is written back.

Updatecostswill be dependenbf the checkpointinterval. The checkpointinterval is definedto be
the numberof objectsthatcanbe written betweerntwo checkpointsThe numberof written objects,N¢ p,
includescreatedaswell asupdatedbjects. Nor = P, Nop Of thewritten objectsarecreationof new
objectsand(N¢p — Neg) of thewritten objectsareupdatef existing objects.

Thenumberof distinctupdatedbjectsduringonecheckpoiniperiodis:

Npu = Naistinet(Nop — Nor, Nobj)
Theaveragenumberof timeseachobjectis updateds:

_ Ncp — Ncr

N,
v Npu

During onecheckpoininterval, thenumberof pagesn the currentpartitionof thedatabas¢hatis affected
is:

Npy

Np= 2
No_pagec

This meanshatduring onecheckpointnterval, new versionsmustbe insertedinto Np pagesCN, pqage
objectson eachpagehave beenupdatedandeachof themhave beenupdatedanaverageof Ny times.For
eachof thesepageswe needto write PemporalViy C' No_page Objectsto thehistoricalpartition(thisincludes
objectsrom thepageandobjectsvhowasnotinstalledinto thepagebeforethey wenthistorical) installthe
new currentversionto thepageandwrite it back.Thiswill bedonein batch to reducediskarmmovement,



Set B3 [B1 [B2 Jog |of a3

3P1 |0.01(0.19 |0.800.640.160.20
3P2 0.0010.04q0.950.800.190.01
2P802(0.20 [0.80 |- |0.800.20-
2P950%0.05 |0.95 |- |0.950.05-

Table 1. Partition sizesandpartitionaccesgrobabilitiesfor the partitioningsetsusedin this study

andbenefitfrom sequentialvriting of the historicalobjects For eachof the objectupdatesthe OIDX must
be updatecaswell. In the caseof anon-temporaDODB, we do not needto write previousversiongo the
historicalpartition,andthe OIDX needsonly to beupdatedf signaturesreto be maintained.

Whennew objectsarecreatedanindex updateis neededWhencreatinganew object,anew pagewill,
on averagepeallocatedor every N, ,q4. Objectcreation Whenanew pageis allocatedjnstallationread
is notneededTheaverageobjectupdatecost,excludingOIDX updatecost:

NpTs(PemporalNuCNy_page) + NpTp + Ner T,

No_page
Ncp

Twrite_obj = Toidxupdate+

Notethatobjectslargerthanonedisk pagewill usuallybe partitioned,andindexedby a separatdarge
objecttree. This hasthe advantagethatwhena new versionis createdpnly the modifiedpartsneedto be
written back,anexampleof how this canbe doneis the EXODUSIarge objects3].

7 Performance

We have now derivedthecostfunctionsnecessarto calculateheaverageobjectstorageandretrieval costs,
with differentsystemparameterandaccesgatternsandwith andwithout the useof signatureswWe will
in this sectionstudyhow differentvaluesof theseparameteraffectsthe accessosts.Optimal parameter
valuesare dependendf the mix of updatesandlookup,andthey shouldbe studiedtogetherIf we denote
theprobabilitythatanoperations awrite, as P,ite, the averageaccesgostis the averageof the costof all
objectreadandwrite operations:

Taccess: (1 - Pwrite)TIookup + PwriteTupdate

Ourgoalin this studyis to minimize Thccess We measurghe gainfrom the optimizationas:

( nonopt opt

. access — Lacces

Gain= 100 ( ot )
Taccess

nonopt opt

whereTaceess IS thecostif notusingsignaturesandTadcesdS the costusingsignatures.

7.1 AccessModel

We assumeaccesseio objectsin the databaseystemto be random,but skewed (someobjectsaremore
oftenaccessethanothers),andpartitionedinto a setof logical partitionsasexplainedpreviously, where
eachpartition hasa certainsizeandaccesgrobability. It is difficult to know whatkind of accespattern
thatwill be experiencedn TOODBSs.It is possibleto do predictionshasedon currentaccespatternsput
we believe thatit is quite possiblethat whensupportfor temporalfeatureshbecomecommon,application
developerscan utilize thesein new ways. The accesgatternsusedin this reportdoesnot necessarily
represenary of these but we will usethemto studythe gainfrom usingsignaturesinderwith different
accesgatterns.

We usefour accesgatternsThe partitionsizesandaccesgprobabilitiesaresummarizedn Tablel. In
thefirst partitioningset,we have threepartitions extensionf the 80/20model,but with the 20%hot spot



ParameteivValue ParameteiValue

M 100MB || Sob; 128
Mocache [0.2M Nobjver 100mill.
Vs 50KB Ncp 0.8 Nocachd
tr 8.33ms  ||Ppew 0.2

Sp 8 KB Plite 0.2

TP tr + f/—ftr -Ptemporal 0.8

Ts SEt, Pym 0.4

Sod 32+ [£]||Pa 0.001

C 0.3 D 1

Table 2. Default parameters.
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Fig. 1. Costversussignaturesizefor differentaccespatternsNon-temporalDODB to theleft, temporalOODB to the
right.

partitionfurtherdivided,into a 1% hot spotarea,a 19%lesshot area,anda 80%relatively cold area.The
secondpartitioning setresembleghe accesgatterncloseto whatwe expectit to bein future TOODBS,
with alargecoldset,consistingof old versionsThetwo othersetsin this analysishave eachtwo partitions,
with hot spotareasof 5% and20%.

7.2 Parameters

We considera databasén a stablecondition,with a total of Nopjver Objectsversions(and hence,Nopjver
ODsin theOIDX). Notethatwith the OIDX describedn Sectiord.1,0IDX performances notdependent
of thenumberof existing versionsof anobject,only thetotal numberof versionsin thedatabase.

Unlessotherwisenoted resultsandnumbersn thenext sectionsarebasedn calculationsusingdefault
parametersassummarizedn Table2, andaccespatternaccordingto partitioningset3P1.

With the default parametersthe studieddatabaséasa sizeof 13 GB. The OIDX hasa sizeof 3 GB
in the caseof a non-temporalDODB, and5 GB in the caseof a temporalOODB (hot countingthe extra
storageneededto storethe signatures)Note that the OIDX sizeis smallerin a non-temporalOODB,
becausén a non-temporalDODB, we have no insertsinto the index tree,only append-onlyln thatcase,
we cangeta very good spaceutilization [4]. Whenwe have insertsinto the OIDX, asin the caseof a
temporalOODB, we geta spaceutilizationin the OIDX thatis lessthan0.67.

7.3 Optimal Signature Size

Choosinghesignaturesizeis atradeof. A largersignaturecanreducethereadcosts but will alsoincrease
the OIDX sizeandOIDX accesgosts.Figurel illustratesthis for differentaccesatternsin this case,
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Fig. 2. Costversussignaturesizefor differentvaluesof D. Non-temporalOODB to the left, temporalOODB to the
right.
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Fig. 3. Gainfrom usingsignaturesersusmemorysize,for differentaccespatternsNon-temporalDODB to theleft,
temporalOODB to theright.

avalueof F' = 8 seemdo be optimal. This is quite small,andgivesa higherfalsedrop probability than
acceptedn text retrieval applicationsThe reasonwhy sucha smallsignatures optimalin our contet, is
thatthesizeof objectss smallenoughto make objectretrieval andmatchlesscostlythanadocumentlarge
object)retrieval andsubsequergearchifor matchingword(s),asis thecasein text retrieval applications.

Thessignaturesizeis dependentf D. Thisis illustratedin Fig. 2. With anincreasingvalueof D, the
optimalsignaturesizeincreasesswell. In our contet, avalueof D largerthanone,meanghatmorethan
oneattribute contributesto the signaturesothatquerieson morethanoneattribute canbe performedater.

In therestof this study we will use =8 whenusingusingthe default parametersanduse F’=16, 32
and48for D=2, 4, and8, respecitiely.

7.4 Gain From Using Signatures

Figure3 shavsthegainfrom usingsignatureswith differentaccespatternslsingsignaturess beneficial
for all accespatternsexceptwhenonly avery limited amountof memoryis available.

Figure 4 shows the gain from using signaturesfor differentvaluesof D. The gain decreasesvith
increasingvalueof D.

7.5 The Effect of the AverageObject Size

We have chosen128 asthe default averageobjectsize. It might be objectedthat this valueis too large.
Figure 5 shows that even with smallerobjectsizes,using signatureswill be beneficial.The figure also
shavs how thegainincreasesvith increasingobjectsize.
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Fig. 4. Gain from usingsignaturesyersusmemorysize,for differentvaluesof D. Non-temporalOODB to the left,
temporalOODB to theright.
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Fig. 5. Gainfrom usingsignaturesyersusmemorysize,for differentaverageobjectsizes Non-temporalDODB to the
left, temporalOODB to theright.

7.6 The Effect of P4 and Py,

Thevalueof P,,, is thefractionof thereadquerieghatcanbenefitfrom signaturesFigure6 illustratesthe
gainwith differentvaluesof P,,,,. As canbe expectedasmallvalueof P,,, resultsin negative gainin the
caseof non-temporalOODBs,i.e., in this case storingand maintainingsignaturesn the OIDX reduces
theaverageperformance.

Thevalueof P4 is thefractionof queriesobjectsthatareactualdrops theselectvity of thequery Only
if thevalueof P, is sufficiently low, will we be ableto benefitfrom usingsignaturesFigure7 shavs that
signaturesvill bebeneficialevenwith arelatively largevalueofPy.

8 GeneralQuery Processing

The exampleanalyzedn this reportis quite simple.A queryfor perfectmatchhasalow compleity, and
thereis only limited room for improvement.The real benefitis availablein querieswherethe signatures
canbe usedto reducethe amountof datato be processedt subsequenstagesof the query resultingin
largeramountof datathatcanbe processeih mainmemory This canspeedup queryprocessingeveral
ordersof magnitude.

Anothercontet in which performancecanbe improved, is in the caseof setvaluedobjects.For set
valuedobijects,if the signaturesf the setsare storedin the OIDX, they canbe usedin querieson the
sets.Thiswould be anextensionof thework in [9—11], wherethey useseparataignaturdiles to storethe
signatures.

11
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Fig. 6. Gainfrom usingsignaturesyersusmemorysize,for differentvaluesof P,,,. Non-temporaDODB to theleft,
temporalOODB to theright.
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temporalOODB to theright.

9 Conclusions

We have in this reportdescribechow signaturesanbe storedin the the OIDX. As the OD is accessed
on every objectaccessn ary case thereis no extra signatureretrieval cost.In non-versionedOODBS,
maintainingsignaturesneanghatthe OIDX needso be updatedevery time an objectis updatedbut as
theanalysisshaws, it will in mostcasegayback,aslessobjectsneedto beretrieved.

Storingsignaturesn the OIDX is evenmoreattractve in TOODBs.In TOODBSs,the OIDX will have
to be updatedbon every objectupdateanyway, sothatin this case the extra costassociatedvith signature
maintenancés very low.

As showvedin the analysis substantiabain canbe achiezed by storingthe signaturein the OIDX. We
have donethe analysiswith differentsystemparametersaccesgatternsandquerypatternsandin most
casesstoringtheobjectsignaturedn theOIDX is beneficial Thetypicalgainis from 20to 40%.Interesting
to noteis thatthe optimalsignaturesizecanbe quite small.
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