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Abstract

In this paper we presentthe SigCate approachln contrastto traditional signaturefiles
wheresignaturesrestoredin separatdiles, signaturesrein our approachstoredtogether
with their objects.In addition,the mostfrequentlyaccessedignaturesrestoredin amain
memorysignatue cace (SigCache)Whenusingthe signaturestoredin the SigCacheas
afilter duringperfectmatchqueriesthenumberof objectsthatactuallyhave to beretrieved
during perfectmatchqueriescanbe reduced.The increasan updatecostis insignificant,
becausé¢he signaturearemuchsmallerthanthe objects.
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1 Introduction

In mary of theemeging applicationareasdor databaseystemsgdatais viewed as
a collection of objectsandthe accesatternis navigational. A typical example
of suchanapplicationareais XML/W eb storage XML datashouldpreferablybe
storedin anobjectdatabasesystem(ODB) [12], but it canalsobe storedin are-
lational databasesystemor an object-relationablatabasesystem.Anothertypical
characteristiof the new applicationsis that a large fraction of the accessesre
perfectmatchaccessesnoneor morewordsin text stringsin the objects/tuplesn
thesedatabased-or suchaccessesignatuefiles? canbeusedto reducethequery
cost.

1 E-mail: Kjetil. Norvag@idi.ntnu.no

2 A signaturds abit string,whichis generatedy applyingsomehashfunctionon someor
all of theattributesof anobject.Notethatsignatuesarealsooftenusedin othercontexts,
e.g.,functionsignatureandimplementatiorsignatures.
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The maindravbackof traditionalsignaturefiles is that signaturefile maintenance
can be relatively costly If one of the attributes contributing to the signaturein
an object (or a tuple) is modified, the signaturefile hasto be updatedas well.
To be beneficial,a high readto write ratio is necessaryThis is alsothe casefor
dynamicsignaturefiles. In addition, high selectvity is neededat query time to
make it beneficialto readthe signaturefile in additionto the objectsthemseles.

In this paper we presenthe SigCadte approachlinsteadof storingthe signatures
in separatesignaturefiles, the signaturesare storedtogetherwith the objects,and
the mostfrequentlyaccessedignaturesrein additionstoredin a signatue cache
(SigCache)A signatureas in generamuchsmallerthananobject,sothatthenum-
ber of signaturesve cankeepin the SigCachds muchhigherthanthe numberof
objectswe canstorein the main memorybuffer. Whenan objectis updatedand
thesignatures storedon the samepage the extrainsertcostis only maginal. The
signaturexanalsobe usedto reducethe CPU costwhenthe objectsarealreadyin
memory

In this paper we describen detail the useandmaintenancef the SigCacheand
analyzeits performancdy the useof costfunctions.As for all accessnethodsthe
gaindependn accesgatternsWe shaw thatthe gainfrom usingthe SigCache
approachs significantfor mostaccesgatterns.

Thediscussiorhereis donein the contect of ODBs, but theapproachs alsoappli-
cablefor relationaldatabassystemsandobject-relationatiatabassystemsexperi-
encinga navigationalaccesgattern.We assumea traditionalclient/sener system,
but it shouldalsobe notedthatthis approachcould prove to be even moreuseful
in the context of mobile databasesyherereductionamountof datato be trans-
ferredbetweerclient andsener haseven moreimpacton performancehanit has
in traditionalsystems.

The organizationof the restof the paperis asfollows. In Section2 we give an

overview of relatedwork. In Section3 we give an exampleof an applicationin

which signaturesouldbeemployedto improve performanceln Sectiord we give

abrief introductionto signaturesln Section5 we describethe SigCacheapproach.
In Section6 we develop a cost model, which we usein Section7 to study the

performancavhena SigCaches used Finally, in Section8, we concludethe paper
andoutlineissuedor furtherresearch.

2 Related work

Severalstudieshave beendoneonusingsignaturesisatext accessnethode.g.[2,5,6,9].
Lesshasbeendonein usingsignaturesn ordinaryqueryprocessingbut signature
file techniquedave beenshonvn to bebeneficiain queriesonset-\aluedobjectq7].



<gui de>
<r est aur ant >
<nane>La Coupol e</ nane>
<addr ess>102 Bd du Mont parnasse, 75015 Paris, France</address>
<nmet r o>Vanves</ net r o>
<aver agepri ce>189 FF</averageprice>
<revi ew>
Good food, food value for noney. Fanous for be-
i ng one of the
favourite places for witers like MIIler, Hem ng-
way, Sartre, and
de Beauvoir.
</revi ew>
</restaurant >
</ gui de>

Fig. 1. Exampleof oneelemenin therestauranguide.

We have in a previous paperdescribedchow signaturecanbe usedin ODBs that
uselogical OIDs[10]. In anODB usinglogical OIDs,anOID index is usedto map
from logical OID to the physicallocationof the object,andthe signaturecanbe
storedtogethemwith the mappinginformationin this index. The problemwith this
approachis thattheOID index hasto beupdatedor every objectupdate makingit
mostsuitablefor relatively staticdata,or for temporalODBswherethe OID index
is updatedon every objectupdate.

Also relatedto the work in this paperis XML extensionso commercialdatabase
systemgfor exampleOracleandIBM DB2). Thesesystemsurrentlyusetext in-
dexes(providedby text extenders}o speedup queriesTherearealsosystemstor
ing XML dataasobjects,for exampleTamino[11] and Xyleme [1]. They should
be ableto benefitfrom the techniqueglescribedn this paper

3 Motivating example

In this sectionwe describeanapplicationandanexampleof atypical querywhere
the techniquegresentedn this papercanbe employedto improve performance.
Theexampleis inspiredby therestauranguideexamplein [4].

In mostbig cities, goodrestaurantsre popular andresenationis oftennecessary
in orderto getatable.For foreign touristsplanninga trip to the city, it would be
nice to have a centralbooking serviceavailable on Web, which could be usedto
help selectingrestaurantaswell asdoingthe booking (trying to do a resenation
in acity in a differentcountry canbe difficult, andlanguageproblemsmalkesthe
job evenworse).



select R

from gui de.restaurant R

where R address.contains("Paris")
and R review. contains("fanmous")
and R revi ew contains("good")
and R review contains("food")

Fig. 2. Queryonrestauranguide.We assumeont ai ns("wor d") is afunctionthatis
supporteddy a stringsclassandreturnstrueif theactualwordis includedin thestring.

Let usassume compaly thatwantto provide sucha service.The compary might
wantto provide restauranguidesasXML document®ntheWeb,onefor eachcity.

The XML documentgonsistf restauranelementsyhich eachincludesa name
element,addresselement,price element,reviewer comment,and possibly other
informationaswell. An examplerestauranelementis shovn in Fig. 1. Although
postedasXML document®ntheWeb,it mightjustaswell bestoredasacollection
of objectsin the databaseandthe XML documentgeneratedrom this data.In

this case,the guide could be implementedas one objects,being a collection of

restauranbbjects.The restauranbbjectsthemselescould includetext attributes
like name,addressetc.

In additionto providing thelist “asis” onthe Web, the systemwould alsoprovide
possibilitiesfor usersto do queriesto theguide,in orderto guidethemin selecting
an appropriaterestaurantThis will be donein someeasy-to-usénterface,which

translateghe queryto the internalquerylanguage An exampleof suchanquery
is “list restaurantsn Paris which are famousand have good food”. In a query
languagehis couldbeformulatedasshavn in Fig. 2. The pointto notehereis that
all the accesses the queryare perfectmatchaccessePMA), testingstringsfor

matchwith singlewords.

4 Signatures

In this sectionwe describehow to generatesignatureshow to usesignaturego
reducethe costof perfectmatchaccessesndsignaturestoragealternatves.

4.1 Signatue geneation

A signaturecan be generatedy applyinga hashfunction on someor all of the
attributesof the object. By applyingthis hashfunction, we get a signatureof F’
bits. If we denotethe attributesof anobjectO; asA,, A,, ..., A,, thesignatureof
theobjectis s; = Si(4;, ... Ax), whereS), is ahashvaluegeneratingunction,and
A;, ... A, aresomeor all of the attributesof the object(not necessarilyncluding



allof A;,... A).

It is possibleto generatahe signaturefrom the hashvalueof the concatenatiomf

oneor moreof theattributes However, suchsignatureganonly beusedfor queries
on the samesetof attributesthatwereusedto generatehe signature For this pur-

pose,usinganindex will in mary caseshave a lower cost.In orderto be ableto

supportseveral querytypes,thatdo perfectmatchon differentsetsof attributes,a
techniquecalledsuperimposedodingcanbeused.n this case aseparatattribute
signatureis generatedor eachattribute. The objectsignatures generatedy per

forming a bitwise OR on eachattribute signature For example,for anobjectwith

3 attributesthe signatures s; = S,(Ay) OR S,(A1) ORS,(Az). Thisresultsin a

signaturethatis very flexible in use.It cansupportseveral typesof querieswith

differentattributes.

It is not necessaryo useall attributeswhencreatingthe superimposedignature.
If we know thatonly D of the attributeswill be frequentlyusedin PMAS, we can
generatehesignaturegrom theseattributesonly. In the caseof stringattributes,for

examplein anXML object,wewill generata separatsignaturdrom eachdistinct
word in the stringattributes,andsuperimposéheseword signaturesD will in this

casebethenumberof distinctwordsin theobject.

4.2 Usingsignatues

A typical exampleof the useof signaturesis a queryto find all objectsin a col-
lection of objectswherethe attributesmatcha certainnumberof values,i.e., the
query predicateis Q = (4; = v,,..., Ay = vg). This canbe doneby calcu-
lating the query signatures, of the query:s, = Sp(4; = vj,..., Ay = vi) (Or
sq = Sh(vj) ORSk(v;) OR ... OR S, (v) if superimposedodingis used)The
querysignatures, is thencomparedo all the signatures;; in the signaturefile to
find possiblematchingobjects A possiblematchingobject,adrop, is anobjectthat
satisfieghe conditionthatall bit positionssetto 1 in the querysignaturealsoare
setto 1 in the object’s signature.The dropsforms a setof candidateobjects.An
objectcanhave a matchingsignaturesvenif it doesnot matchthevaluessearched
for, soall candidateobjectshave to beretrievedandmatchedagainsthe valueset
thatis searchedor. Thecandidateobjectsthatdo not matcharecalledfalsedrops

4.3 Signatuefiles

Traditionally, the signaturesave beenstoredin oneor moresignaturefiles, sepa-
ratefrom the objects/tuplesT hefiles contains; for all objectsO; in therelevantset.
Thesizesof thesefiles arein generaimuchsmallerthanthe sizeof therelation/set
of objectsthatthe signaturesaregeneratedrom, anda scanof the signaturefiles



Page Buffer Signature Cache

- - Disk Page Disk Page - -
Signature | | Signature Signature | | Signature Signature | Signature | Signature

Signature | Signature | Signature
Signature | Signature | Signature
Signature | Signature | Signature

Object Object Object Object

Signature Signature | Signature Signature Signature | Signature Signature | Signature | Signature
Signature | Signature | Signature

Object Object Object Object Object Object - - -
Signature | Signature | Signature

Signature | Signature | Signature

Disk T Disk P Sl'h’nﬂtlln‘ Siy ature | Si; gnature
isk Page lis| age
Signature | [ Signature 5 Signature | [ Signature s Signature | Signature | Signature

Signature | Signature | Signature

Object Object Object Object - -
Signature | Signature | Signature
Signature | Signature | Signature
Signature | | Signature | Signature Signature | | Signature | Signature Signature | Signature | Signature

Signature | Signature | Signature

Object Object Object Object Object Object - " -
Signature | Signature | Signature

Main Memory

Fig. 3. Storageof objectpagesandsignaturesn mainmemory Pagebuffer to theleft, and
signaturecache(SigCache}o theright.

is muchcheapethana scanof the whole relation/setof objects.Two well-know
storagestructuredor signaturesreSequentiaSignatue Files (SSF)andBit-Sliced
Signatue Files (BSSF).

In the simplestsignaturefile organization, SSF, the signaturesare storedsequen-
tially in afile. A separatgointerfile is usedto provide the mappingbetweersig-
naturesandobjects.In an ODB, the pointerfile will typically be a file with OIDs,
onefor eachsignature During eachsearchfor perfectmatch,the whole signature
file hasto beread.Updatescanbe doneby updatingonly oneentryin thefile.

With BSSF, eachbit of the signatureis storedin a separatdile. With a signature
size F', the signaturesaredistributedover F files, insteadof onefile asin the SSF
approachThisis especiallyusefulif we have largesignatureslin this casewe only
haveto searchthefiles correspondingo thebit fieldswherethe querysignaturehas
a“l”. Thiscanreducethe searchtiime considerablyHowever, eachupdatemplies
updatingupto F files, whichis very expensve. So, evenif retrieval costhasbeen
shovnto bemuchsmallerfor BSSF theupdatecostis muchhigher 100-100Qimes
higheris not uncommon[7]. Thus,BSSFbasedapproachesre mostappropriate
for relatively staticdata.

To bettersupportinsertions deletions andupdatesseveraldynamicsignaturefile
methodshave beenproposedTheseare multiway treevariantsandhashfile vari-

ants.

5 The SigCache approach

An alternatve to storethe signaturesn separatesignaturefiles is to storethem
togetherwith the objectson the objectpagesandin addition storethe mostfre-
guentlyaccessedignaturesn a signatue cade (SigCache)This s illustratedin



Fig. 3. The SigCacheis a lookup table wherereplacementf signatureds done
accordingto an LRU policy. In this paperwe assumehata clock algorithmwith
oneaccesdit for eachsignaturas usedfor this purpose.

A signatures storedon the samepageasits object. This impliesthatif anobject
is residentin main memory(i.e., the pagewherethe objectresidesis residentin
the pagebuffer), its signaturewill alsoberesidentpecausét is storedin thesame
page However, theopposites nottrue:asignaturecanberesidenin the SigCache
eventhoughits objectis notresidentin the buffer. Whena pageis discardedrom
the pagebuffer, signature®f someof the objectsonthe pagecanberesidentn the
SigCache.

Perfectmatchaccessesanusethe signatureso reducethe numberof objectsthat
have to be retrieved from disk. Only the candidateobjects,with matchingsigna-
tures,needto be retrieved. In orderto identify a signaturein the SigCacheeach
signatureneedto have an uniqueidentifier. In an ODB this will bethe OID, in a
relational-or object-relationablatabaseystemthis canbe a physicaltuple identi-
fier or theconcatenatiomf relationandkey.

A signatureds in generaimuchsmallerthananobject,sothatthe numberof signa-
tureswe cankeepin the SigCaches muchhigherthanthe numberof objectswe
canstorein the main memorybuffer. The fact that the effective spaceutilization
in an objectpagebuffer is low becausef bad clusteringon objectpagesfurther
increasdhe amountof relevantsignatureselative to relevantobjects.The optimal
sizeof the SigCachedepend®n accespatternandtotal buffer sizerelative to the
totaldatabassize,but a SigCachesizein theorderof 5-10%o0f thetotal buffer size
will givearelatively stableperformancethiswill bediscussedh moredetaillater)
for awide rangeof workloadparameters.

Signaturesare not maintainedfor all objectsin the system,only whenit is ben-
eficial. This canfor examplebe decidedon the granularityof an objectclassor
objectcontainer(alsocalledfile). Evenwhensignaturesexist, they areonly used
in aqueryif it is consideredeneficialwith respecto querycost.Thisis similarto
traditionalsecondaryndexes,whereanindex is createcandmaintaineconly if it is
consideredeneficial(this is decidedby the databasedministrator)andtheindex
is only usedin a queryif it is consideredeneficial(this is decidedduring query
planning).

Notealsothatevenif storingsignaturesogethemwith theobjectsreduceghespace
for objectson a page this reductionis only maginal, asthe optimal sizeof signa-
tureswhenusingthe SigCacheapproachs relatively small (typically in the order
of 3-6%).



5.1 Theadvantagesof the SigCateapproac

The SigCacheapproacthasmary adwantagesThe mostimportantare:

e Traditionally, signaturehiave only beenbeneficialfor relatively staticdata(i.e.,
a low updaterate),for exampletext documentsEvenwhendynamicsignature
filesareusedtheupdateratemustbelow if theuseof signatureshouldimprove
performanceDynamicsignaturefiles also have higherspacerequirementand
searchcostcomparedo SSFandBSSFE

In contrastto using separatesignaturefiles, the SigCacheapproachis also
usefulin the caseof high updaterates.A signatureis in generalmuchsmaller
thanthe objectit is createdfrom, so that when an objectis updatedand the
signatureis storedon the samepage,the extra insertcostis only mawginal. If
only a moderateamountof main memoryis usedfor the SigCachethe page
buffer hit rateis only mamginally reduced.

e Readaccessen arelationaldatabasesystemarefrequentlysetaccessewhich
canbenefitfrom traditionalsignaturdiles.In contrastyeadaccessem ODBsare
mostly navigational. Evenin the caseof collection(for examplea set)queries,
navigationwill oftenbetheresult.Unlike arelationaldatabassystemwherethe
gueriedsetis arelationon storagejn an ODB, a collectioncanbe a collection
of referenceso objects(OIDs) ratherthanthe objectsthemseles(anobjectcan
in this way belongto morethanonecollection). This navigation canmake the
averagesignatureretrieval costhighif the signaturesarestoredin separatdiles.
If the mostfrequentlyaccessedignaturesarestoredin the SigCachethis cost
canbesignificantlyreduced.

e Previously, signaturesiave mostly beenusedto reducethe I/O-costs.However,
signaturexanalso be usedto reducethe CPU costs.Evenif an objectis resi-
dentin main memory a signaturecomparisorcanbe usedbeforematchingthe
attributes.Especiallyin the caseof mary or large attributes,this canreducethe
CPUcostfor aPMA.

5.2 Queryprocessingisingthe SigCate

WhenaPMA is doneononeor moreattributesof anobject,thefollowing algorithm
is usedto determinef anobjectO; is a match,andat the sametime maintaining
the contentsof the SigCache:

(1) A lookupis donefor the objects signatures; in the SigCachelf successful,
theaccesdit of thesignaturen the SigCachas set.
If this lookupis not successfulthe signaturehasto be retrieved from the
pagewherethe objectis stored.This pagemayberesidentin the pagebuffer,
butif it is not, the pagehasto beretrievedfrom disk. Whenthe pageis found,



thesignatures; whichis storedonthepage;s insertednto theSigCacheThe
accesdit for thesignaturdas setwhenthe signaturds inserted.

(2) Thesignatures; is comparedo the querysignatures,. If notall bit positions
setto 1in s, aresetto 1in s;, we know for surethatthe objectdoesnotmatch
thequerypredicatelf all bit positionssetto 1 in s, aresetto 1 in s; theobject
is apossiblematch,andwe have to retrieve the objectin orderto comparethe
valueof its attributeswith the querypredicate The pagewherethe objectis
storedon might alreadybe in the pagebuffer (becauseat hasbeenaccessed
recently or hasbeenbroughtinto the buffer in orderto retrieve the signature
of oneof the objectson the page),if not, the pagehasto be retrieved from
disk.

A queryon a collectionof objectsis donein the sameway, oncefor eachobject.
Also notethatby employing signaturessoutlinedin thealgorithmabove,the CPU
costcanalsobereducedbecauséehe signaturesarecomparedeforethe objectis
comparedvith thesearclpredicate.

5.3 Scanopemations

One single scanoperationcan make all the signaturesstoredin the SigCacheto
bereplacedThisis oftennotdesired Onereasorfor this, is thatthe signaturese-
trievedduringascanoperatiorwill in generahave lesschanceof beingusedagain,
it is notlikely thatthe whole collectionor containerto be scannedepresents hot
set.Evenif thisisthecaseijt is possiblethatthe numberof signaturesetrieveddur-
ing thescanis largerthanthe numberof signatureghatfits in the SigCacheln this
caseevenif we shortly afterdo a newv scanover the collection/containermwe will
have a SigCachéhit probability of 0. Thisis similarto generabuffer management
in the caseof scanoperations.

We have several possiblestratgiesto usein orderto avoid the problemwith scan
operationsgnvolving a large numberof objects.One stratgy is to not insertsig-
naturesretrievedin a scanoperationinto the SigCachgbut the signaturesalready
storedin the SigCachecanbe usedwhenappropriate)lf this stratey is used,we
avoid theSigCachepollution, but atthe sameime we looseopportunitiego benefit
from the signaturesasmary of thesescanoperationswill involve a smallnumber
of objects.A variantof this stratayy is to insertsignaturesnto the SigCacheif
the scanoperationinvolvesa small or moderatenumberof objects,but notinsert
signaturesf thescaninvolvesa large numberof objects.

It is oftendifficult to know thenumberof objectsinvolvedin ascanit will probably
bemoresafeto simplylimit thenumberof signaturegrom objectsof acertainclass
to be storedin the SigCacheFor example,only 25% of the slotsin the SigCache
canbe occupiedby oneclass.This canbe achiezed by maintainingthe numberof



signature®f objectsfrom eachobjectclassin the SigCacheln mary pageseners
the objectclassis not known to the sener. In this case the limitation canbe the
numberof objectsfrom a particular container/file(the container/fileidentifier is
encodednto the OID in mostODBS).

5.4 Objectupdatesand SigCadie maintenance

Every time an objectis modified, its signaturehasto be modifiedaswell. A sig-
natureis storedtogetherwith its object,andwith respectto concurreng control,
logging andrecovery, the signatures treatedasa part of the object.If the signa-
ture of the objectis residentin the SigCachethe signaturen the SigCachehasto
be updatedaswell. This impliesthata SigCachdookup hasto be donefor each
objectupdate However, comparedo the numberof CPUinstructionsnecessaryo
provide persistenstorageof anobject,this lookup costis only maginal.

Only signatureghat can contribute in read queriesare beneficialto keepin the
SigCachesothatwhena signatureas updatedn the SigCachetheacces®it is not
set.Readaccessearenecessaryo make a signaturestayin the SigCache.

5.5 Redundansignatuesin mainmemory

A signaturas storedn thesamepageasits object,sothatif theobjectof asignature
in the SigCaches residentin main memory the signatureis actually storedtwo
places.In orderto optimize memoryusageijt is possibleto only storesignatures
of objectsthatarenotresidentin mainmemoryin the SigCacheThis canbedone
by removing all signature®f objectsin a pagefrom the SigCachavhenthe object
pageis retrievedinto the pagebuffer. However, this is nota goodstrateyy:

(1) Remaring andreinsertingall signaturedrom a pagesignificantly increases
theCPUcost.

(2) Whena pageis to be discardedrom the pagebuffer, it is difficult to know
whichsignatureshouldbereinsertednto the SigCachdit is difficult to main-
tain the LRU policy). The only easysolutionis to insertall the signatureof
the objectson the pageinto the SigCache However, in generalonly a few
of the sighatureson a pageare “hot spotsignatures”sothis will pollute the
SigCache.The resultwill be a seriousreductionin the SigCachehit ratio,
effectively killing all benefitsfrom this memory“optimization”.

Thesecondroblemin particularis very serioussowe donotconsidethis stratey
ary further.
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5.6 Signatuesandobject-orientation

An objectis not necessariljust a collection of simplevalue attributesasa tuple
in a relationaldatabasesystem.An object can containmethods(not considered
here)andreferenceso otherobjects,andthe objectsin a queriedcollectioncanbe
objectsof differentclassesgueto theconcepof inheritanceWe now describehow
theseissuescanbe handledwith respecto signatures.

5.6.1 Comple objectsandpathexpressions

Whenanobjectsignaturds generatedts attributesaresimply treatedasbit strings.
If anattributeis anOID (areferencdo anotherobject),the OID is simply hashed
like any otherattribute.

Althoughnotconsideredn this paperavalueonapathexpressiorcouldbeusedn
thesignaturegeneratiorprocesssimilar to pathexpressiorindexing. For example,
it could be possibleto definethat insteadof simply hashinga referenceattribute
obj Pt r, thevalueof obj Pt r — >obj Ptr2— >at t ri b shouldbe hashedn-
stead.This would significantlyincreasethe costand compleity of signaturecre-
ation,becauseverytimeat t ri b is updatedall signaturedasedon the valueof
attri b have to be updatedaswell. However, if querieson pathexpressionsare
common this approackcouldstill be beneficial.

5.6.2 Inheritance

Signaturedor objectsof two objectclassesA and B are compatible i.e., canbe
comparedif 1) theattributesusedfor creatingsignaturegor objectsof oneof the
classesarea subsebf the attributesusedfor creatingsignaturegor objectsof the
otherclass2) thesignaturesizeis the same and3) thesamehashfunctionis used.
This canbethe casefor signature®f a superclassandoneof its subclasses.

Frequently we want a larger signaturesize for a subclasswhen the numberof
attributesis higher If thisis the caseandwe do a queryon a collectionof objects
from the superclasaswell asthe subclassa separatejuery signaturehasto be
generatedor eachsubclasqbut note that only one signaturefor eachobjectis
generatedand stored).When comparingthe signatureof an objectwith a query
signature the appropriatequery signatureis used,basedon the classthe object
belongsto.

Example:Assumewne haveaclassA, aclassB thatinheritsfrom classA, andthatwe
usea differentsignaturesizesfor classA andB. If we do a queryover a collection
of A objects,this collectioncanalsocontainB objects,because B objectis also
an A object. Whenthe queryis executedtwo querysignaturesaregeneratedone

11



querysignaturesg‘ for objectsof classA, andonequerysignaturajlB for objectsof
classB.

5.7 Signatue recalculation

It is not strictly necessaryo storethe signatureof the objectson disk. The signa-
turescanberecalculatedvhenthe objectsareretrieved. This savesdisk spaceand
increaseshe pagebuffer hit rate(becausehetotal numberof objectpagess less),
butincreaseshe CPUcost.CPUspeeds increasingatamuchhigherratethandisk
performanceso evenif signaturerecalculationinsteadof signaturestorageis not
beneficialtoday it is likely thatthis alternatve will becomeattractive in the near
future.In themainpartof theanalyticalstudyin this paperwe will assumehatthe
signaturesrestoredon disk, but we will alsostudyhow muchthel/O costscanbe
reducedy usingrecalculation(Section7.5).

5.8 Pagevs.dualbuffering

An alternatveto fine granularitybuffering of signatuees is to combinepagebuffer-
ing with fine granularitybuffering of the objectsinstead.This is calleddual buffer-
ing. If dualbufferingis used,we try to keepwell clusteredpagesn a pagebuffer,
andobjectsfrom lessclusteredpagesn anobjectbuffer.

A thoroughstudyof clientsidedualbufferingby KemperandKossmanii8] shaved
thatdual buffering cangive a substantiallyhigherbuffer performanceéhana page
buffer. However, theuseof adualbuffer introducesseveralnew optionsthatmakes
tuningmorecomplicatedfor examplewhento copy anobjectfrom the pagebuffer
to the objectbuffer, andwhento copy a dirty objectin the objectbuffer backto its
homepage.This makesit lessclearhow well dualbuffering would performin sys-
temswith complex workloads.Thestudyshavedthatdual buffering wasmostben-
eficial for a workloadwith readqueries With updatequeriesthe gainwaslessor
negative. Thus,we only consideitheuseof pagebufferingin this paperHowever, it
shouldbe notedthatfor workloadswheredualbuffering is beneficial performance
canstill beimprovedby additionalfine granularitybuffering of signatures.

6 Analytical model

In orderto study the gain from using signatureswe develop a cost model that
modelsthe objectaccesgosts.Thecostmodelfocuseson disk accessosts asthis
is the mostsignificantcostfactor We do not considerthe additionalupdatecost
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Fig. 4. Partitioneddataarea.Eachpartition containsa fraction 3; of the datagranules,
andeq; of theaccessearedoneto eachpartition.

causedby storingthe signaturespecausehe size of a signaturecomparedo an
objectis small (between3% and 6% in the studyin this paper).The purposeof
this paperis to analyzethe effect of usingsignaturesn an ODB, so we focuson
navigationalaccesseandrestrictthis analysisto PMAs andsignaturegyenerated
by theuseof the superimposedodingtechnique.

The databaseystemmodeledin this paperis a pagesener ODB. The ODB hasa
total of M bytesavailablefor buffering. Thus,whenwe talk aboutthememorysize
M, weonly considethepartof mainmemoryusedfor buffering. Themostrecently
usedobjectpagesarekeptin apagebuffer of size Mpy,s, andthemostrecentlyused
signaturesarekeptin a SigCacheof size Mgcane. The mainmemorysize M is the
sumof thessizeof the pagebuffer andthe SigCache M = Myps + Mscage-

6.1 Buffer hit rates

It is importantto have an accuratebuffer hit model. For this purposewe usethe
Bhide, Dan and Dias LRU buffer model (BDD) [3]. An importantfeatureof the
BDD model,which makesit morepowerful thansomeothermodels,is thatit also
canbe usedwith non-uniformaccesdistributions

A databasen the BDD model hasa size of N datagranules(e.g., pages)par
titioned into p partitions.As illustratedin Fig. 4, eachpartition containsa frac-
tion 3; of the datagranules,and «; of the accessesre doneto eachpartition.
The distributions within eachof the partitions are assumedo be uniform, and
all accessesre assumedo be independentWe denotean accessattern(parti-
tioning set)Il = («, - .., a1, fo, - - -, Bp—1). FOr example,for the 80/20model,
2pgo20 = (0.8,0.2,0.2,0.8). In this paper we will study performancewith four
differentaccesgatterns:

Set Bo |B |Bo|law |1 |
2P7030| 0.30| 0.70| - | 0.70| 0.30/ -
2P8020| 0.20| 0.80| - | 0.80| 0.20/ -
2P9010| 0.10{ 0.90| - | 0.90| 0.10] -
2P9505| 0.05| 0.95| - | 0.95| 0.05] -
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6.1.1 TheBDD buffer model

We will briefly explain the main equationsn the BDD model,the derivation and
detailsbehindthe equationsanbefoundin [3].

After n accesset the databasethe numberof distinct datagranulegpagesob-
jects,or index entries)from partition: thathave beenaccessed:

Néistinct(”’ N7 H) = ﬂZN(l - (1 - ﬁi—N)am)

Thetotal numberof distinctdatagranulesaccessed:

p -
Naistinet (nﬂ N’ H) = Z Nc';istinct (n’ N’ H)
i=1

Whenthe numberof accesses is suchthatthe numberof distinct datagranules
accesseds lessthanthe buffer sizeB (the numberof datagranuleshatfits in the
buffer),>?_, B;(n) < B, thebuffer hit probabilityfor partitions is:

Pi(n,I)=1-(1-

)ain

G:N
Theoverall buffer hit probabilityis:
p

P(n,II) = > o;Pi(n,II)

=1

Thesteadystateaveragebuffer hit probabilitycanbe approximatedo thebuffer hit
ratiowhenthe buffer becomesdull, i.e.,n is choserasthelargestn thatsatisfies:

p .
z N(Zlistinct(na N, H) =B

=1

We denotethe averagebuffer hit probability as:

Pbuf(BaNan) = P(”v H)

wheren is choserasdescribedabove.

14



6.1.2 Page buffer hit rate

Thenumberof disk pagesiecessario storeadatabasith N,;; objects assuming
pagesizeSp andanaverageobjectsizeof S,,; bytes:

N ~ Nop;jSop;
objpages — g
P

If we storeF bits signature®f all objectson the objectpagesaswell, the number
of disk pagess:

_ Nobj(Sobj + [F/g—l)

Nobjpages - g
P

With a pagebuffer sizeof M, ; bytesandanoverheador eachitemin the buffer

8f f‘?oh hb%/tef,yvetrc]:gn keep Nowt = 5.2 of thesepagesin main memory The
uffer hit ratein this caseis:

Pbuf_page = Pbuf (prlfv Nobjpages; H)

6.1.3 SigCadehit rate

For eachsignaturan the SigCachewe needto storeobjectidentifyinginformation
in orderto know which objectit belongsto. It is not necessaryo storethe whole
OID for eachsignatureyariantsof prefix compressioror multi level accesgables
canbeemployed.AssumingS; bytesin averageareneededo know which object
asignaturebelongsto, the numberof signatureghatfits in the SigCachas:

Mscache
[F/8] + Son + Sip

N, scahe —

The SigCachehit rateis:

Psca(he = Pbuf(Nscachea Nobja H)

6.2 Objectaccessost

Oneor moreobjectsarestoredon eachdisk page.If we denotethetime to reador
write apageasTp, the averagecostof readingonepagefrom thedatabasés:

Treadpage = (]- - Pbuf_page)TP

15



In orderto reducethe objectaccessost,objectsareusuallyplacedon disk pages
in a way that malkesit likely that more than one of the objectson a pagethatis

read,will beneededn the nearfuture. Thisis calledclustering.In our model,we
definethe clusteringfactorC' asthefraction of anobjectpagethatis relevant,i.e.,
if thereare N, page = Nobj/Novjpages ObjECtsON eachpage,andrn of the objectson

the pagewill be usedbeforethe pageis discardedrom the buffer, C' = Nojmge' If

Ny page < 1.0, i.€., the averageobjectsizeis largerthanonedisk page,we define
C = 1.0. Theaverageobjectaccesgostis:

; 1
nostg  __
Treadob' - Treadpage
I CNo_page

We modelthedatabaseeadaccesseasl) ordinary objectaccessesand?2) perfect
matd accessesvhich canbenefitfrom signatures\We assumehe perfectmatch
accessefo be afraction Ppya Of the readaccessesandthat P, is the fraction of
matchedobjectsthatareactualdrops.Thefalsedrop probabilitywhena signature
with F bitsis generatedrom D attributes is denotedr,; = (3)™, wherem = £22,
Theaverageobjectaccesxostemploying signaturess:

T3 ;= Costof non-PMAaccess
+Costof PMA accessvhere
signaturenotin SigCache
+Costof PMA accessvhere
signaturein SigCache

=(1-A PMA)TTZ(ﬂgbj

"‘PPMA(1 - Pscache)Tnosm

readobj

nosig
+PPMAPscad:1e(PATreadobj

+(1 _ PA)FdTnosig )

readobj

This meansthat of the Ppya accessethatarefor perfectmatch,we only needto
readthe objectpagein the caseof actualor falsedrops.

7 Performance

We have now derived the costfunctionsnecessaryo calculatethe averageobject
accesscost, with different systemparameterand accessatterns,and with and
without the useof signaturesWe will in this sectionstudyhow differentvaluesof
theseparametersaffecttheaccessosts.
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Parameter| Value
Sp 8 KB
Tp 7ms
Son 8 bytes
Sip 4 bytes

Tablel
Default systemmodelparameters.

Parameter| Casel Casdl

Sobj 128bytes | 2048bytes

C 0.2 0.8

Nopj 16 mill. 1 mill.

D 4 attributes | 128attributes
Py 0.001 0.001

Ppya 0.4 0.8

II 2P9010 2P9010

F 32bits 1024bits

Table2
Defaultworkloadparameters.

Workload model In this analysis,we considera databasén a stablecondition,
with a total of Nqy,; objects.The systemmodelparametersresummarizedn Ta-
ble 1. For theworkload,we considertwo maincases:

Casel: Thisistheworkloadof atraditionalapplication.The objectsizeis rela-
tively small,andthe signaturesregeneratedrom a smallnumberof attributes.In
suchapplicationstherewill beamix of accesgypes,andonly someof themcan
benefitfrom usingsignatures.

Casell: Thisistheworkloadof oneof theemegingapplicationareasfor exam-
ple XML storageAs describedy DeWitt etal. [12], the spaceoverheadvould be
very highif eachXML elementwasstoredasa separat@bject.Insteadpneobject
is usedto storeoneXML documentandthe XML elementstoredas“light-weight
objects”insideonestorageobject. Theresultis largerobjectsthancasel, andeach
object containsa higher numberof attributes. The attributes are frequently text
strings,andalargefractionof thequeriesn suchsystemswill befor perfectmatch

17
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Fig. 5. Costwhenusingdifferentsignaturesizes.Casel to theleft, andcasell to theright.

of oneor morewords.In orderto beableto usesignaturegor suchqueriestheob-
jectsignaturesregeneratedby superimposingheindividual text word signatures.
As aresult,thevalueof D will belarge.

The default parametewaluesfor the two casesare givenin Table 2. Note that

with the default parameterswe keepthe total databasesize constantthe studied

databasdrasa size of 2 GB for both casel andll. This is not a large database,
but the interestingpoint is performanceversusthe relatve memorysize (memory

sizerelative to databasesize). The resultsscalefor larger databasesizes,so that

givenamemorysizeof afraction f of thetotal databaseize,the gainfrom using

signaturess the sameindependentf the databasesize In all figures,the memory

sizeis given as memorysize relative to the databasesize,i.e. as Nob?{%bj (note

thatwhensignaturesareused the memoryneededo keepall pagesn memoryis
larger).

Also note that althoughthe object accesscost dependson the clusteringfactor
C, the gain of usingsignaturess independenof C, i.e., the gainis the samefor
differentvaluesof C.

7.1 Optimalsignatue size

Beforewe studythe performancgainwhenusingsignatureswe haveto determine
appropriatesignaturesizes.The signaturesizeis atradeof. Usinglarge signatures
reduceghe falsedrop probability, but large signaturesalsoreduceghe numberof
signatureghat canbe keptin the SigCacheToo large signatureswill alsobreak
the assumptiorthat signaturesare much smallerthanthe objects,andin thatway
increasehe signaturemaintenanceost.

Fig. 5 illustratesthe accessostswith differentsignaturesizes.Note thatin order
to emphasiz¢heinterestingareaonthegraphsthecostscaleis logarithmicandis
cut.For casd, weseethat F' = 32 is asuitablesignaturesize(for mostsystemshis
will alsobethesmallesteasonablsignaturesize,becauséhe CPUwordsizeis 32
bits or larger). The signaturesize dependseaily on D, the numberof attributes

18
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Fig. 6. Costwith differentamountsof memoryresenedfor signaturecaching Casd to the
left, andcasell to theright.

contributing to the signatureWith anincreasingvalueof D, the optimalsignature
sizeincreasesaswell. This is clearly evident for casell, whereF' = 1024 is a
suitablesignaturesize.

Whendecidingthe signaturesizeit is alsoimportantto keepin mind thatthe sig-
naturesizecannot easilybe changedafterwardsif it is too small.If this shouldbe
done reolganizingthedatabasés necessarpecausehereis notresernedspacdor
largersignature®n the objectpages.

7.2 OptimalSigCadesize

Thefractionof memorythatshouldbe usedfor cachingsignatureslepend®n the
total memorysize,databaseize,andworkload. The SigCachesize caneitherbe
static (but tunable),or it can be adaptve (using costfunctionsto determinethe
size). It is often difficult to know the exact accesspattern.In orderto evaluate
whethersignaturesreusefulin practice wherethe SigCachesizecanbefar from
optimal,we have studiedhow muchperformancas affectedby differentSigCache
sizes.Thisis illustratedin Fig. 6, which shavs the averageobjectaccesostwith
differentSigCachesizes.

Casel: Theoptimalfractionof memoryusedfor cachingsignaturess between
0.05 and0.1, dependingon thetotal memorysize.However, evenif alargersizeis

chosentheperformancas still acceptableThedifferencean costis in this casenot

large.It shouldalsobenotedthatkeepingall signaturesn the SigCachen thiscase
requires256 MB, soa SigCachdargerthanthis sizeis of no use.Also, its is most
importantto keepthe mostfrequentlyaccessesignaturesn the SigCacheWhen

the SigCachds large enoughto keepthem, increasingthe SigCachesize further

haslessimpacton performance.
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Fig. 7. Gainfrom usingsignaturesvith differentaccespatternsCased to theleft, andcase
I to theright.

Casell: Inthiscasetheoptimalfractionof memoryusedfor cachingsignatures
is in theorderof 0.2, andis largerthanfor casel. Thereasorfor thisis thelarger
signaturesizeusedfor casell. Givena certainSigCachesize,the actualnumberof
signatureshatfits in the SigCachas smaller

As canbeeseenfrom the figure,the performancewill alsobeacceptablavith a
fixedSigCachesize.Evenif usingasizethatis not optimal,goodperformancean
still be achieved. For example, keepingthe SigCachesizeconstantat 0.1 M gives
goodperformancdor awide rangeof memorysizesandaccesgatterns.

7.3 Gainfromusingsignatues

Fig. 7 shows the gain from using signatureswith differentaccesgatterns.The
gainfrom usingsignaturess calculatedas:

nostg stg

s readobj -+ readobj
Gain = 100( —

readobj

Casel: We seethatusingsignaturess especiallybeneficialfor accesgatterns
with anarrov hotspotarea.Therearetwo casesvhensignaturesrenot beneficial:

(1) Whenthe memorysizeis large enoughto keepmostof the hot spotobject
pagesln thiscasejt is morebeneficialto useall thememoryfor pagebuffer-
ing, so that the hot spot objectscan be keptin main memory It shouldbe
notedthatwhenthe memorysizeis smaller sothatonly someof thesepages
fits in the pagebuffer, usingsignaturess beneficial.

(2) The numberof objectpagesnecessaryo storea databasewill be larger if
signaturesrestoredaswell. If themainmemoryis largeenougho keepmost
of the objectpagesn mainmemory(large valuesof M) whensignaturesre
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Fig. 8. Gainfrom usingsignaturesvith differentvaluesof Prya. Case to theleft, andcase
I to theright.
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Fig. 9. Gainfrom usingsignaturesith differentvaluesof P4. Casel to theleft, andcase
Il to theright.

notused,usingsignaturewill resultin decreasedr negative gainbecausef
alower pagebuffer hit rate.

Case ll: In this case,usingsignaturess very beneficialfor all accesatterns,
exceptwhenmostof the objectpagedits in mainmemory asexplainedabove. The

gainis high,upto 300%whenwe have anarrov hotspotareaandmediumamounts
of memory

7.4 Theeffectof P4 and Ppya

Thevalueof Ppya is thefraction of the readaccessethat canbenefitfrom signa-
tures.Fig. 8 illustratesthe gainwith differentvaluesof Prya. As canbe expected,
asmallvalueof Ppya resultsin smallor negative gain. As we increasehe valueof
Prua, the gainincreasesWith large valuesof Prya, aswe have assumedor case
II, we canachieve ahigh gain.Interestingo noteis thatwhenusingthesamevalue
of Prua, thegainfor casel andcasell is almostthesame.

The value of P, is the fraction of perfectmatchaccesseshat are actualdrops
(selectvity). The purposeof signaturess to reducethe numberof objectsthatac-
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tually have to beretrieved,andwe canonly benefitfrom signaturesf this number
is sufficiently low. Fig. 9 illustratesthe gainwith differentvaluesof P4, andit is in-

terestingto notethatsignaturesvill be beneficialevenwith arelatively largevalue
of P,.

7.5 Theeffectof recalculation

In theanalysissofar, we have assumedhatthe signaturesarestoredon disk. How-
ever, asdescribedn Section5.7, it is also possibleto recalculatethe signatures
whenobjectpagesareretrieved. With the currenthardware,this will probablybe
too costly, but it is possiblethat it canbe moreinterestingin the future. Fig. 10
illustratesthe differencein gainbetweerrecalculategignaturesandstoringsigna-
tures.The differenceis large enoughto make recalculationa possiblestratayy in
thefuturewhenthe CPU costrelative to I/O costis evensmallerthantoday

8 Conclusions

We have describedow objectsignaturesanbecachedn mainmemoryin asigna-
ture cache andhow the signaturesanbe usedto reducethe averageobjectaccess
costin a databaseystemWe developeda costmodelthat we usedto analyzethe
performanceof the proposedpproachesandthis analysisshovedthatsubstantial
gaincanbeachieved.

The exampleanalyzedn this paperis quite simple.Perfectmatchaccessebave a
low compleity, andthereis only limited room for improvement.The real benefit
is availablein querieswherethe signaturesan be usedto reducethe amountof
datato be processedt subsequendtagef the query resultingin largeramounts
of datathatcanbe processedh mainmemory This canspeedup queryprocessing
severalordersof magnitude.
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Furtherwork includesa studyon how informationaboutrecentuseof signature®f
objectsin a collectioncanbe employed aspart of the queryplanning.Recentuse
of the signaturesmplies a higher SigCachehit rate thanwould otherwisebe ex-
pectedthis knowledgecanbeusedio enhanceostmodelsusedin queryplanning.
Otherfurtherwork includea studyof usingthe cachedsignaturesiuringjoin pro-
cessingwhich alsoinvolved perfectmatchaccessesloinis a frequentandcostly
operationandthegainfrom usingsignaturesndsignaturecachingshouldincrease
performanceonsiderably
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