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Abstract

In manyclient/serverobjectdatabasepplications per
formanceis limited by the delayin transferringpagesrom
theserverto the client. We presenta prefetding technique
that can avoid this delay especiallywhee there are ses-
eral databaseservers.Part of the noveltyof this approac
liesin thewaythat multithreadingon theclientworkstation
is exploited,in particular for activitiessud as prefetting
andflushingdirty pageso the server Usingour owncom-
plex objectbenhmarkwe analyzethe performanceof the
prefetding tednique with multiple clients, multiple serv-
ersanddifferentbuffer pool sizes.

1 Introduction

Much of the researchand developmenteffort in high-
performancedatabasesystemshas focused on exploit-
ing parallel computingon the databasesener platform.
However, the falling prices of shared-memorynultipro-
cessorgnakessuchmachinedeasibleasclient hosts. This
raisesthe questionof how a multiprocessoclient machine
can be exploited to improve databaseesponsdime. In
oneapproactDeWtt etal. [8] usedso-calledParSetdn the
OO7benchmarkraversalg4] to invokeamethodon every
objectin a setin parallel. This approachcan boostper
formancewherethe applicationis CPU-bound. However,
for someapplicationsthe performancebottleneckis dom-
inatedby the delaythat resultsfrom the client waiting for
the transferof pagesfrom the sener andwriting pagesto
thesener. Weaddresshis problemby usingmultithreading
to parallelisethe 1/O for prefetchingandflushing. Various
technique®f buffer managemert], [2] have beenusedto
reducetraffic betweenthe clientandthe sener. However,
in this paper we concentrate®n techniqueghat attemptto
effect pagetransferdan amoretimely fashion.

Prefetching has been studied before in mary areas
of computingsuch as operatingsystems,microprocessor

design, compiler construction,the world wide web and

databasedg£arly work on prefetchingn databasefl8] was

ableto exploit sequentiahccespatternsin object-oriented
databaseghe objectrelationshipsareoftenusedto predict

future accessesThe objectstructureandthe pointerrela-

tionshipsprovide importantinformation for objectaccess
patterns.

ChangandKatz[5] predictfutureaccesseBom thedata
semantican termsof inheritanceand structuralrelation-
ships. Objectsare storedin pagesandthey prefetchthe
immediateobjectreferenceonly. Due to the high cost of
a pagefetch, this techniquehasonly a limited effect on
reducingelapsedtime. Chengand Hurson[6] extended
this work by addingmultiple hints,a prefetchingdepthand
physicalstorageconsiderations.Insteadof usinga single
hint, a seriesof hintsaregivenfor all typesof relationships.
Prefetchdepthswereaddedo the prefetchinghintsaccord-
ing to the semanticof eachrelationship.For example,an
applicationmay requirethe accesdo follow configuration
links recursvely or to follow versionlinks ata maximumof
threelevelsaway. Physicalstorageconsiderationsreused
to imposea limit onhigh costl/O.

A complex assemblyperatoto loadcomponenbbjects
recursvely in advancewasintroducedoy Kelleretal. [13].
The applicationtraversalwasperformedby threedifferent
schedulingalgorithms,depth-first breadth-firstand an el-
evator algorithm (which scheduledisk accesgo objects
basedon their physicallocation). Objectswere clustered
(accordingo theirtypeor to thecompositebjectstructure)
or unclustered.This techniques suitablefor small object
nets; in larger object nets, recursvely prefetchedobjects
mightalreadyhave beenreplacedy the buffer replacement
strat@y.

In the Fido system[16], the prefetchingtechniqueem-
ploys an associatie memoryto recognizeaccesatterns
within a contet over time. In trainingmode,objectaccess
informationis gatheredandstoredwith a neaest-neighbor
associatie memory In predictionmode thisinformationis
usedto recognizepreviously encounteredituations.Unfor-



tunatelythey did not mentionthe costsof maintainingthe
associatie memory

Gerlhof developedan architecturefor prefetching[10]
anda so-calledPrefetd SupportRelation(PSR)[11]. The
PSRstoresthe precomputegageanswerof an operation,
i.e. theidentifiersof all pageghatwereaccesseduringthe
executionof an operation. Karpovich and Grimshav [12]
developedan extensiblefile system,ELFS,in which they
useduserhintsto predictthefile accespattern.

In Thor [7] eachfetchrequesfrom the client causeshe
sener to selecta prefetchgroup containingthe objectre-
guestedand possiblysomeother objects. A fetch request
is processedtb completion determiningall membersf the
prefetchgroup,beforeary objectsaresentto theclient. The
disadwantageof this approachs thatthe sener is alreadya
bottleneckandadditionalprefetchrequestgurtherincrease
thesenerworkload.

Ourprefetchingechniqueobserestheclient processing
ontheobject'net’. If theapplicationmovestowardsanon-
residenbbject,the pageof the objectis a candidatdor pre-
fetching. We try to time the prefetchrequestso that the
requestis not startedtoo early but the pagearrives before
applicationaccess.We implementedhis techniqueby ex-
tendingthe EXODUS storageanmanage(ESM) [3].

In section2 we describethe designof our prefetching
technigue An overvien of ESM andthe prefetchingarchi-
tectureis givenin section3. In section4 we presentthe
performanceesultsof our benchmarkandin section5 we
concludeour work.

2 ThePrefetching Design
2.1 Prefetch Object Table

OODBMSscan storeand retrieve large, complex data
structureswhich are nestedand heavily interrelated. Ex-
amplesof OODBMS applicationsare CAD, CAM, CASE
and Office automation. Theseapplicationsconsistof ob-
jectsand relationshipshetweenobjectscontaininga large
amountof data. A typical scenarids laid out by the OO7
benchmark4]. It comprisesavery complex assemblyob-
ject hierarchyandis designedo comparethe performance
of object-orientediatabases.

In a pagesener, like ESM, objectsare clusteredinto
pages.Goodclusteringis achieved whenreferenceso ob-
jectsin the samepagearemaximizedandreferenceso ob-
jectson otherpagesareminimized. In our benchmarkwe
useacompositeobjectclusteringtechnique.

The generalidea of our techniqueis to prefetchref-
erencedo other pagesin a comple object structurenet
(e.g.007). Weobtaintheprefetchinformationfrom theob-
ject referencesvithout knowledgeof the objectsemantics.
Consideringthe objectstructurein a page,we identify the

objectswhich have referencedo other pages(Out-Ref}.
One pagecould possibly have mary Out-Refsbut some-
timesit is not possibleto prefetchall pagedecausef time
andresourcdimitations. Insteadwe obseretheclientnav-
igationthroughthe objectnet. We know which objectshave
Out-Refsandwhenwe identify thatthe applicationis pro-
cessingowardssuchanOut-Ref-ObjecfORO) the Out-Ref
pagebecomes candidatdor prefetching.

Theprefetchstartswhentheapplicationencounters so-
calledPrefett Start Object(PSO).Althoughthe determi-
nationof OROsis easy determiningPSOsis slightly more
complicated.Therearetwo factorsthatcomplicatefinding
PSOs:

1. PrefetchObjectDistanceg(POD)

For prefetchinga pageit is importantthatthe prefetch
requestarrives at the client beforeapplicationaccess
to achiere a maximumsaving. The POD definesthe
optimal distanceof n objectsfrom the PSOto the
ORO objectwhichis necessaryo provide enoughpro-
cessingto overlapwith prefetching. Let C,,; denote
the costof a pagefetchandlet C,, denotethe costof
objectpreparation. The costof object preparations
the ESM client processindime beforethe application
canwork on the object. ThenPOD is computedas
follows:

POD =

Crr
Cop

If the prefetchstartsbeforethe POD,a maximumsav-
ing is guaranteedhowever, if it startsafter the POD,
but beforeaccesssomesaving can still be achieved
(seesectiord.2).

2. BranchObjects

A comple objecthasreferenceso otherobjects.The
userof theapplicationdecidesat a higherlevel the se-
guenceof referencesvith which to navigate through
the objectnet. We definea Branch Objectasanobject
which hasat leasttwo reference$o otherobjects.Ob-
jectsthatarereferencedby aBrand Objectaredefined
as a Post-Brand Object For examplein fig. 1 we
have a complex objecthierarchy The objectwith the
OID (Objectldentifier)1 wouldbedefinedasaBrand
Objectbecausét containsa branchin the tree of ob-
jects. Objectswith OID 2, OID 7 andOID 12 would
bedefinedasPost-Biand Objectsbecausehey arethe
first objectsde-referencetly a Branch Object

For every identified ORO in the pagewe computethe
PSOby thefollowing algorithm:

1 Additionally we could usethe expectecamountof processingrom
theapplication.
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casewe would identify the Post-Bianch Objectsof OID 1
(OID 2,0ID 7 andOID 12) asPSOsnsteadof OID 1.
Thenovel ideaaboutour techniques to makeprefetch-
ing adaptableo the client processingn the objectnet. Be-
causethe costof a pagefetch is high we try to startthe
prefetchearly enoughto achieve a high saving but not too
early to prefetchinaccurately In contrastto the work of
[13], we do not prefetchall referencesecursvely; instead
we selecthepagedo prefetchdependenbntheclientpro-
cessing.Recursie objectprefetchinghasalsothe problem
that prefetchedpagescanbe replacedagainbeforeaccess.
Adaptive object prefetchinglimits the numberof prefetch
pagedo theadjacenpages.n contrasto [5], we look fur-
theraheador objectsto prefetchthantheimmediateobject.
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Figure 1. Object relationship

1. Retrieve the OID of the ORO andof the objectin the
next pagereferencedby the ORO.

2. Computethe POD to definethe distanceof n objects
from PSOto ORO.

3. Determinethe PSOby following the objectreference
n objectsbackwardsfrom the ORO. If thereare not
enoughobjectsin thereferencechainbeforethe ORO,
thenwe will identify thefirst objectin the pagefrom
thereferencechainto achieve atleastsomesaving.

4. If theobjectis alreadyidentifiedasa PSOandthepre-
viouslyidentifiedPSOhasadifferentPost-Biand Ob-
jectthenwe wouldidentify the Post-Biand Objectsof
theobjectasPSOS.

Defining Post-Biandh ObjectsasPSOscanimprove the
accurag for the predictionandreduceghe numberof ad-
jacentpagesto prefetch. For examplein fig. 1 we would
identify OID 5, OID 10 andOID 15 asOROs. In this ex-
amplewe assume POD of 4 objects.On analyzingpage?
wewouldidentify OID 5 asanORO. FromOID 5wewould
go throughthe chainbackwardsy 4 objectsandidentify
OID 1 asaPSO.Thenwe would do the samefor the OROs
OID 10andOID 15andidentify OID 1 asthe PSOfor both.
After analyzingthewhole pagewe would find outthatOID
1 hasthreePSOswith differentPost-Biand Objects In this

2This stepis executedhfter we have definedall PSOsfrom the OROs
in apage.
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Figure 2. Entry in POT

Eachpageof thedatabasés analyzedff-line. The Ana-
lyzer storesthis informationin the POT for every database
root?. Fig. 2 depictsthe layout of oneentry in the POT.
Entriesfor one pageare clusteredtogetheron disk. The
overheador thistableis quitelow asit only containsa few
objectsof thepage.

At run time, the information from the POT is usedto
startthe prefetchrequests.The run time systemallocates
enoughthreaddor prefetching.If essentiapointersfor the
navigationareupdatedn atransactiorwe wouldinvalidate
the POT for this pageandmodify it afterthe completionof
thetransaction.

Thisprefetchingechniqués notonly usefulfor comple
objects,it canalso be usedfor collection classeqlinked
list, bag,setor array)in OODBMSs. Applicationstraverse
an objectcollectionwith a cursor With PSOand ORO it
would be possibleto prefetchthe next pagefrom a cursor
position.In the descriptiorof our techniquetheobjectsize
is assumedo be smallerthanthe pagesize. If the object
is larger thana page,prefetchingcanbe usedto bring the
whole objectinto memory

In future work we wantto investigateperformanceand
behaiour whenthe POT predictsa large numberof pages.
For this casewe could usea multiple pagerequest. To
furtherreducethe numberof pageswe could maintainin-
formationabouta frequeng counton how oftenthe refer
encedpageis accesseftom this ORO. Thetotal frequeny
countfor a pagewould be computedby addingup all fre-

3This is importantbecausebjectson the samepagecould belongto
differentroots.



gueng countvaluesof the OROs having the samerefer
encedpage. This total frequeng countcombinedwith a
thresholdmakesthe prefetchdecision. Anotherpossibility
is to useonly specialdatamembersof the objectfor pre-
fetching.

2.2 Replacement Policy

In the ESM client it is possibleto openbuffer groups
with differentreplacemenpolicies(LRU andMRU). Freed-
manandDeWitt [9] proposeda LRU replacemenstrategy
with onechainfor demandeadsandonechainfor prefetch-
ing. We alsoplanto usetwo chainswith thedifferencethat
whenapagein thedemandhainis movedto thetop of the
chain,the prefetchedagedor this pagearealsomovedto
thetop. Theideaof this algorithmis thatwhenthedemand
pageis accessedt is likely that the prefetchedpagesare
accessetbo. If apagefrom the prefetchchainis requested
it is movedinto the demandthain.

3 System Architecture
3.1 TheEXODUS Storage M anager

Weimplementedhe prefetchingechniqueén ESM. The
EXODUS cclient/serer databassystem[3] wasdeveloped
at the University of Wisconsin. It aidsa databasemple-
mentorin the task of generatinga DBMS by providing
a storagemanagera programminglanguaget (an exten-
sionof C++), alibrary of access-methoiinplementations,
a rule-basedjuery optimizergeneratarandtools for con-
structingquery-languageptimizers.

Thebasicrepresentatiofor datain the storagemanager
is avariable-lengtlbytesequencef arbitrarysize,incorpo-
rating the capabilityto insertor deletebytesin the middle
of the sequence.n the simplestcase thesebasicstorage
objectsareimplementedascontiguoussequencesf bytes.
As the objectsbecomdarge, or whenthey arebrokeninto
non-contiguousequence$y editing operationsthey are
representedsinga B-treeof leaf blocks,eachcontaininga
portionof the sequenceObjectsarereferencedisingstruc-
turedOIDs".

Onthesebasicstorageobjects the storagemanageper
forms buffer managemen{LRU or MRU), concurreng
control, recovery, anda versioningmechanisnthatcanbe
usedto provide a variety of application-specifizersioning
schemes. Transactionsare implementedusing a shadev-
ing andloggingtechnique.Clientandsener communicate
via the socketinterface. The client specifieshe requested
datain a messagstructureandsendst to the sener. The

4 Object identifiers containinga physical and logical component(in
ESM pagenumberandslot number).

sener updateghis structureandrespondsvith theattached
8K page.

3.2 ThePrefetching Architecture
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Figure 3. Prefetching architecture

In this sectionwe describenow prefetchingis incorpor
atedinto ESM. For theconcurrenexecutionof theapplica-
tion andthe prefetchsystenmwe usedthe Solaristhreadin-
terface.Multithreadingcombinedwith prefetchinghasthe
benefitsof:

1. Increase@pplicationthroughputandresponsieness;

2. Performancegains from multiprocessinghardware
(parallelism);

3. Efficientuseof systenmresources.

As depictedin fig. 3, the databaselient is multithreaded.
The AppTheadis responsibldor the processingf the ap-
plicationprogramandthe Prefethi Threadis responsibldor
fetchingpagesn adwanceinto the buffer pool. A Support-
Thread hasthe sametask as the Prefeth Thread with the
only differencebeingthatit is scheduledy the Prefetd-
Thread Eachthreadhasoneassociategocket. The POT



informsthe PrefethThread which pagesare candidategor
prefetchingfrom the currentprocessingf the application.
ThePrefett List is alist of pageswhich arecurrentlypre-
fetched. The FlushTheadis responsibldor flushingdirty
pagedothesener.

At thebeaginningof atransactionheAppTheadrequests
thefirst pagefrom the sener by a demandread. The Pre-
fetthThreadalwayscheckswhich objectsthe AppTheadis
processing.Having obtainedthis information, it consults
the POT for a pageto prefetchand checksif this pageis
alreadyresident.If not, the pageis insertedin the Prefetd
Listandtherequests sentto thesener. Thesenerresponds
with thedemandegageandthe clientinsertsthe pageinto
its buffer pool. Eventuallythe pageis removed from the
Prefetd List andinsertedinto the hashtable of the buffer
pool.

If thePOT predictsmultiple pagesSupportTheadshelp
the PrefethiThread this is usefulwhenthe prefetchobject
distanceis short. The numberof SupportTheads is de-
terminedby the numberof simultaneougrefetchrequests.
EachSupportTheadrunson its own LWP® andwhile one
SupportTheadblockson I/O, anotherSupportThead can
insertits pageinto the buffer pool.

Whenthe AppTheadrequest& new pageit first checks
if the pageis in the buffer pool. If the pageis not resident
thenit checksthe Prefetd List. If the pagehasbeenpre-
fetchedthe AppTheadwaitson a semaphorentil thepage
arrives,otherwiset sendsademandequesto thesener.

TheESMseneris notmultithreadel andperformseach
requessequentially But the sener forks a new procesdgor
the disk managementThe sener anddisk managercom-
municatevia sharedmemory The sener puts a request
for anew pagein a disk queueandthe disk managereads
the pagefrom disk andcopiesit into the buffer pool of the
sener. Incorporatingthreaddnto the sener would further
improve the whole systemgerformanceandis partof fu-
turework.

For the parallelexecutionof threadson the client, syn-
chronizationmechanismare required. The accesgo the
buffer poolis protectedoy mutexes,which meanghatonly
onethreadatatimeis ableto makearesideng checkor ma-
nipulation. Wheneitherthe AppTheador PrefethqThread
areidle they wait on a semaphore A semaphorénforms
the SupportTheadthatthereis a pageto prefetch.

Prefetchthreadsare mostly idle asthey await the com-
pletionof 1/0. This meanghatseveral threadscanbe allo-
catedto a singleprocessoandthe threadswill not have to
wait for an operatingsystemtime-sliceto completebefore
they canexecute. The Solaristhreadinterfaceprovidesa
functionto give the threadspriorities. The AppTheadhas

5 LightweightprocesgLWP) canbethoughtof asavirtual CPUthatis
availablefor executingcode.
6 But ESMrunsmanytasks asconcurrenprocessesyn oneprocessar

| Parameter | Sener | Client |
SFARCstation 20Model612 | 10Model514
Main Memory 192MB 224MB
Virtual Memory 624MB 515MB
Numberof CPUs | 2 4
Cyclespeed 60 MHz 50 MHz

Tablel: Computemperformancespecification

| Parameter | Disk controller |
ExternalTransferRate 9 Mbytes/sec
AverageSeek(Read/Write) 8 msec
Averagelateny 4.17msec

Table2: Disk controllerperformance

the highestpriority to makesurethat the applicationpro-
cessingalwaysgetsschedulingpriority on oneof the CPUs
beforethe prefetchthreads. The Prefeth Thread hasa 50
percentpriority® andthe SupportTheadshave low priori-
ties.

4 Performance Evaluation
4.1 System Environment

In table 1 we give a specificatiorof the computersised
in our experiments. The client machinehas4 processors.
The Ethernetnetworkis running at 10 Mb/sec. The per
formanceof the disk controller (SeagateST15150W)is
presentedh table?2.

4.2 Theoretical Results

Thesucces®f prefetchings dependentntheaccurayg
of the predictionandthe completionof the prefetchbefore
access.We definethe costof objectprocessingo be C,.
Let C,, denotethecostof preparingoneobjectfor applica-
tion accesandlet C,, denotethe costof processingnthe
objectfrom the applicationpluswaiting time. C, is calcu-
latedby:

Co = Cop + Coa (1)

70n a uniprocessqra subtlerapproachto allocatingpriorities would
beneededn orderto strike a balancebetweerapplicationprocessingand
prefetching.

8 Prioritiesin Solarisareintegervaluesfrom 0to 127.



The costof a pagefetch, C,, is dependenbn clientand
sener processin@ndthe network. Cl, denoteghe costof
client processingn the buffer pool; N; denoteghe costof
networktransfer;S; is the costof sener processingn the
buffer pool; S, is thesener queueingostandS, is costfor
thediskaccess(, is calculatedoy:

Co=Cly+ Ny + Sp+ Sqg+ Sqa+ N:e + Cly 2

Thesaving for oneout-goingreferencesS,,. is dependent
on the numberof objectsbetweerthe startof the prefetch
andapplicatioraccesso theprefetcheabject(V,) andC),:

if(Co - Ny > Cp)

otherwise

— CP
S _{ oI 3)

If thereis enoughprocessindi.e. C, - N,) to overlap
thenthe saving is the costof a pagefetch. If not, thereis
also,albeitlower, saving of the amountof processindrom
prefetchstartto accesqC, - N,). Pagesnormally have
mary out-goingreferences.The numberof referencego
differentpageds denotedvy n. S,, the saving for awhole
page,s givenby:

Sp=_ Sor(i) @)
i=1

Finally, thesaving of thetotalrunis definedby S, which
is influencedby thecostof thethreadmanagemen(i;), by
the costof the socketmanagemen(;) andby thenumber
of pagesn therun (q):

q

Se=(>_ Spli)) - Cv = Cs ®)

=1
4.3 Benchmark description

For the evaluationof the prefetchingtechniquewe cre-
ateda benchmarkwith complec objects. The requirements
for thebenchmarkvere:

¢ Theapplicationaccespatternshouldbe dynamicand
differentfor every run;

¢ Thesizesof theobjectsshouldbefairly uniform;
¢ Objectreferenceshouldbecomple;

e The numberof pagesaccessednh onerun shouldbe
equalto, or lessthan,thenumberof pagesn thebuffer
poolattheclientandsener.
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Figure 4. Benchmark structure of one page

In fig. 4 we depictthe designof onepagé. Thereare
three typesof objects: Branch Objects Out-Ref-Objects
(ORO) and Normal Objects A Branch Objectdecidesby
a randomoperatorwhich objectreferenceo follow in the
tree. An ORO has pointersto objectsin differentpages
which areall accessedvhenencountered A Normal Ob-
jectpointsto threeotherobjectsin the samepage.Thetype
for all objectshasfour pointersanda size of 72 bytes. In
onerun 195pagesareaccessedndeachpagecontainsl12
objects.

Theapplicationstartswith oneroot objectfrom thefirst
page.TheBrand Objectsdecidethenavigationin thepage.
Whenareferencao anothempagefrom theupperlevel (e.qg.
Pages2 to 7) is encountereanly the first objectfrom the
otherpageis dereferencedndthenthe applicationcontin-
uesin pagel. At thelower levels (e.g. Pages8 to 19) two
pagesare dereferencedvith 1 object (the sameas at the
upperlevel) andin onepagethe applicationcontinuesthe
navigation. Having two or threereferencedo otherpages
givesusthe possibilityto testprefetchingunderstricttime
conditions. It alsomeanshatthe programis quite I/O in-
tensve andthesavingsin percentagéermswill behigh. In
[14], [15] we presentech benchmarkwhich wasless1/O
intensive.

9 Everypagehasthe samestructure.



Fig. 4 needssomeexplanationconcerninghenumberof
Normal Objects The numberof Normal Objectsbeforean
Out-Ref-Objects 15. The costof processin@0 objectsis
equalto the costof onepagefetchin our systemerviron-
ment.Every objectis fetchedinto memorywith no compu-
tationor waitingtime on the object.

4.4 Performance M easurements

All thetestsweremadein amulti-userervironment.Be-
causewe were unableto get exclusive accesgo the ma-
chinesandnetworkit is not possibleto comparethe abso-
lute timesof differentfigures. Neverthelesswe madethe
testsat a time whenthe workloadwaslow. Sasingsin per
centmeanthe percensaving of a prefetchingversioncom-
paredwith aversionwithoutprefetchingandmultithreading
(Demand).

In fig. 5awe presentheresultsof our benchmark Pre-
fetchlmeansonePrefetchThreadupportghe application;
Prefetch2meanghereis onePrefetchThreadndone Sup-
portThreadandPrefetch3hasone PrefetchThrea@éndtwo
SupportThreadds=ig. 5ashavsthatwith anincreasedium-
ber of prefetchthreadghe elapsedime of the applications
is reduced. Recallfrom the benchmarkstructurethat an
ORO hasthree referencego other pages,thereforePre-
fetch3hasthe bestperformancdecausé achieesthe op-
timal numberof prefetchthreadgor pagerequestsFig. 5b
shaws the savings of the prefetchingversionsin percent.
Prefetchlonly providesa 5% improvementcomparedvith
Prefetch3wvhich achievesa saving of 23%.

The effect of additionalclients (Demandversionsrun-
ning on othermachinesjs shown fig. 6. PrefetchZalways
performsbetterthan Demand. At the level of 3 clients,
Prefetchlperformsworsethan Demand. This is because
the cost of the threadmanagemenis higherthan the be-
nefit of prefetching. In generaleachclient increaseshe
networkworkload,the sener processingandthe work for
the disk manager If the prefetchrequests completedbe-
fore clientaccesshe savingsin percenwouldincreasen a
multi-client ervironment. If the prefetchrequestwould be
senedatthesameime atthesener or evenlater, prefetch-
ing would decreas@erformancelueto theadditionalcosts
of thethreadmanagement.

In fig. 7 we presentheresultsof our distributeddatabase
test. Prefetchingalwaysgeneratesdditionalworkloadfor
the sener, sothata multi-sener environmentis moresuit-
ablefor prefetching.For this testwe split the databasénto
two databasesgachmanagedoy onesener. The seners
bothrun on the samemachineso asto have the samecon-
ditionsfor the hardware Fig. 7 shovs thatall versionsim-
prove performancen thedistributedervironment.

The size of the buffer pool hasan importantimpacton
the performanceof the prefetchtechnique. We compared

performancédor 10, 100and200framesin the buffer pool.
Theupdateversionswrite justoneobjectonthepage which
causesthe pageto be markeddirty. The time for this
testwasstoppedust beforethe commit of the transaction.
Comparingbothreadversiondn fig. 8, the Prefetchversion
canincreaseslightly the amountof saving with increased
buffer size. The elapsedime of the Demandversionin-
creasesvhereasthe elapsedtime of the Prefetchversion
staysalmostconstant. The Prefetchversionperformsbet-
ter with a larger numberof buffer framesbecausehis re-
duceslocking of synchronizatiorvariables.The write ver
sionsbehae very similarly. A highernumberof available
framesreduceghe numberof sener flushesat transaction
time,which hasa directeffect ontheresponsdime.

In the next testwe stoppedhe time afterthe commit of
thetransactionFor thereadversiongheresultarethesame
asin fig. 8, the Demandversionincreaseslightly andthe
Prefetchversionstaysalmostconstant. For the write ver
sionswe createdoneversion,calledPrefetd write, which
flushesall dirty pagesatthe endof the transactiorsequen-
tially and anotherversion, called Prefetd write mt flush
with hastwo FlushThread# dotheflushingin parallel. All
write versionsreduceelapsedime with a buffer sizeof 50
comparedvith 10, but their elapsedime increasesfter50.
Over a buffer size of 100 the multithreadedflush version
outperformsthe sequentialflush version (at a buffer size
of 200 the adwvantageof the multithreadedversionis 1.23
seconds). This testprovesthat multithreadingis not only
usefulfor prefetching;flushingdirty pagesto the sener is
alsoa suitableapplicationfor multithreading.

In fig. 10 we comparedour presentegrefetchingtech-
nigue (usinga POT table)with the techniquepresentedn
[5] which prefetche®nly adjacenteference$rom thecur
rent object. The prefetchadjacentversionachieved quite
a surprisinglygood resultbecauseof the structureof the
benchmarkAll threepagefetchesarefrom oneobject. Two
prefetcheganbe madeat the sametime asthefirst pageis
prefetched.Thereforeonly the first pagefetch hasa suffi-
ciently large penaltyto arrive late.

In thelasttestwe shovedtheeffect of incorrectprefetch
requests.We usedthe samebenchmarkfor this testwith
theonly differencebeingthatwe navigateonly to onepage
from the ORO. The othertwo pagescanbe usedfor incor-
rectprefetchesin fig. 11 Two incorrectmeangrefetching
two pagesincorrectlyfrom an ORO; Oneincorrect means
prefetchingoneincorrectlyandCorrectmeansptimalpre-
fetching. The Inter-Referencelime (IRT) simulatesover-
headfor client processing.The valuesof the IRTs arethe
numberof loop iterationsafter every objectaccess. The
elapsedime of 3560iterationsis equalto the elapsedime
of oneobjectpreparatiorfor clientaccess1675iterations
are equalto half of one object preparationand 850 itera-
tionsareequalto a quarter Additional overheador client



processingould be producedby a pointerswizzling tech-
nique, applicationclient processingor waiting time. One
incorrectand CorrectalwaysperformbetterthanDemand.
After anIRT valueof 850, Two incorrectcanalsoimprove
performance.

5 Conclusionsand Future Work

We presentea prefetchingechniqudor object-oriented
databasessingmultithreading At runtime we obsere the
applicationclient processingandif the applicationmoves
towardsa pagewhich is not residentwe will prefetchthis
pageusingthe informationof the POT. All informationof
the POT is collectedoff-line by ananalyzer This informa-
tion is usedatruntime by the prefetchthreadsWe alsouse
multithreadingfor flushingdirty pagesto the sener. This
is especiallyusefulat the end of a transactiorwhenmary
pageshave to be flushedto the sener. The resultsof our
benchmarkshaved that prefetchingcanimprove perform-
ancesignificantlyif objectaccesss reasonablypredictable.
The fastestprefetchingversionachieved a saving of 23%.
Evenwill aprefetchaccurag of only 33%,performancean
still be improved by prefetching. Prefetchingis also suc-
cessfulith additionaldatabaselientsaslong asthesener
doesnotbecomeatotal bottleneck We shavedthatthe or-
ganisatiorof distributeddatabaseis attractve for prefetch-
ing. Increasingthe buffer size improved significantly the
responseime in awrite transaction.To speedughe flush
of dirty pagedo the sener we alsousedthreads.Above a
buffer size of 100 framesthe multithreadedversionhasa
15%percentadwantageover the sequentiaflushversion.

In the future we will compareour techniquewith other
proposedprefetchingtechniques. We will implementthe
007 benchmarko seehow our techniquewill performin
thisernvironment.We alsolook atrealapplicatiorstructures
for prefetching. Another possibility is to makethe ESM
sener multithreaded.The problemis the synchronization
of thethreaddo accesglobaldataconcurrentlyandsafely
For example,if mary threadsvantto accesshebuffer pool,
waiting time will beincreased.f the clientdemandsnul-
tiple pageswithout strict time restrictions,our systemwill
testtheunit of 1/0 with a setof pages.
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Fig. 5a Demand and prefetching versions
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Fig. 8 Impact of different buffer pool sizes (stopped
before commit)

—&— Demand read
—il— Demand update
—a&— Prefetch read
—>— Prefetch update

10 100 200

Number of pages in buffer pool

Elapsed time
(seconds)

Fig. 9 Impact of different buffer pool sizes (stopped after
commit)
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Fig. 10 Prefetch adjacent vs. Prefetch with POT
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Fig. 11 Effect of incorrect prefetching
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