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Abstract

In manyclient/serverobjectdatabaseapplications,per-
formanceis limited by thedelayin transferringpagesfrom
theserverto theclient. We presenta prefetching technique
that can avoid this delay, especiallywhere there are sev-
eral databaseservers.Part of thenoveltyof this approach
lies in thewaythatmultithreadingontheclientworkstation
is exploited,in particular for activitiessuch asprefetching
andflushingdirty pagesto theserver. Usingour owncom-
plex objectbenchmarkwe analyzethe performanceof the
prefetching techniquewith multiple clients,multiple serv-
ersanddifferentbuffer poolsizes.

1 Introduction

Much of the researchand developmenteffort in high-
performancedatabasesystemshas focused on exploit-
ing parallel computingon the databaseserver platform.
However, the falling prices of shared-memorymultipro-
cessorsmakessuchmachinesfeasibleasclient hosts.This
raisesthequestionof how a multiprocessorclient machine
can be exploited to improve databaseresponsetime. In
oneapproachDeWitt etal. [8] usedso-calledParSetsin the
OO7benchmarktraversals[4] to invokea methodon every
object in a set in parallel. This approachcan boostper-
formancewherethe applicationis CPU-bound.However,
for someapplications,theperformancebottleneckis dom-
inatedby the delaythat resultsfrom the client waiting for
the transferof pagesfrom the server andwriting pagesto
theserver. Weaddressthisproblemby usingmultithreading
to parallelisethe I/O for prefetchingandflushing. Various
techniquesof buffer management[1], [2] havebeenusedto
reducetraffic betweenthe client andthe server. However,
in this paper, we concentrateon techniquesthatattemptto
effect pagetransfersin a moretimely fashion.

Prefetchinghas been studied before in many areas
of computingsuch as operatingsystems,microprocessor

design, compiler construction,the world wide web and
databases.Earlywork onprefetchingin databases[18] was
ableto exploit sequentialaccesspatterns.In object-oriented
databases,theobjectrelationshipsareoftenusedto predict
future accesses.The objectstructureandthe pointerrela-
tionshipsprovide importantinformation for object access
patterns.

ChangandKatz[5] predictfutureaccessesfrom thedata
semanticsin termsof inheritanceand structuralrelation-
ships. Objectsare storedin pagesand they prefetchthe
immediateobject referenceonly. Due to the high costof
a pagefetch, this techniquehasonly a limited effect on
reducingelapsedtime. Chengand Hurson [6] extended
this work by addingmultiplehints,a prefetchingdepthand
physicalstorageconsiderations.Insteadof usinga single
hint, aseriesof hintsaregivenfor all typesof relationships.
Prefetchdepthswereaddedto theprefetchinghintsaccord-
ing to the semanticsof eachrelationship.For example,an
applicationmayrequirethe accessto follow configuration
links recursively or to follow versionlinks atamaximumof
threelevelsaway. Physicalstorageconsiderationsareused
to imposea limit onhigh costI/O.

A complex assemblyoperatorto loadcomponentobjects
recursively in advancewasintroducedby Kelleret al. [13].
Theapplicationtraversalwasperformedby threedifferent
schedulingalgorithms,depth-first, breadth-firstandan el-
evator algorithm (which schedulesdisk accessto objects
basedon their physicallocation). Objectswereclustered
(accordingto their typeor to thecompositeobjectstructure)
or unclustered.This techniqueis suitablefor small object
nets; in larger object nets, recursively prefetchedobjects
mightalreadyhavebeenreplacedby thebuffer replacement
strategy.

In the Fido system[16], the prefetchingtechniqueem-
ploys an associative memoryto recognizeaccesspatterns
within a context over time. In trainingmode,objectaccess
informationis gatheredandstoredwith a nearest-neighbor
associativememory. In predictionmode,this informationis
usedto recognizepreviouslyencounteredsituations.Unfor-



tunatelythey did not mentionthe costsof maintainingthe
associative memory.

Gerlhof developedan architecturefor prefetching[10]
anda so-calledPrefetch SupportRelation(PSR)[11]. The
PSRstoresthe precomputedpageanswerof an operation,
i.e. theidentifiersof all pagesthatwereaccessedduringthe
executionof an operation.Karpovich andGrimshaw [12]
developedan extensiblefile system,ELFS, in which they
useduserhintsto predictthefile accesspattern.

In Thor [7] eachfetchrequestfrom theclient causesthe
server to selecta prefetchgroupcontainingthe object re-
questedandpossiblysomeotherobjects. A fetch request
is processedto completion,determiningall membersof the
prefetchgroup,beforeany objectsaresentto theclient. The
disadvantageof this approachis thattheserver is alreadya
bottleneckandadditionalprefetchrequestsfurtherincrease
theserver workload.

Ourprefetchingtechniqueobservestheclientprocessing
on theobject‘net‘. If theapplicationmovestowardsa non-
residentobject,thepageof theobjectis acandidatefor pre-
fetching. We try to time the prefetchrequestso that the
requestis not startedtoo early but the pagearrivesbefore
applicationaccess.We implementedthis techniqueby ex-
tendingtheEXODUSstoragemanager(ESM)[3].

In section2 we describethe designof our prefetching
technique.An overview of ESMandtheprefetchingarchi-
tectureis given in section3. In section4 we presentthe
performanceresultsof our benchmarkandin section5 we
concludeourwork.

2 The Prefetching Design

2.1 Prefetch Object Table

OODBMSscan storeand retrieve large, complex data
structureswhich are nestedandheavily interrelated. Ex-
amplesof OODBMS applicationsareCAD, CAM, CASE
andOffice automation. Theseapplicationsconsistof ob-
jectsand relationshipsbetweenobjectscontaininga large
amountof data. A typical scenariois laid out by theOO7
benchmark[4]. It comprisesa very complex assemblyob-
ject hierarchyandis designedto comparetheperformance
of object-orienteddatabases.

In a pageserver, like ESM, objectsare clusteredinto
pages.Goodclusteringis achievedwhenreferencesto ob-
jectsin thesamepagearemaximizedandreferencesto ob-
jectson otherpagesareminimized. In our benchmarkwe
useacompositeobjectclusteringtechnique.

The generalidea of our techniqueis to prefetchref-
erencesto other pagesin a complex object structurenet
(e.g.OO7).Weobtaintheprefetchinformationfromtheob-
ject referenceswithout knowledgeof theobjectsemantics.
Consideringtheobjectstructurein a page,we identify the

objectswhich have referencesto other pages(Out-Refs).
One pagecould possiblyhave many Out-Refsbut some-
timesit is notpossibleto prefetchall pagesbecauseof time
andresourcelimitations.Instead,weobservetheclientnav-
igationthroughtheobjectnet.Weknow whichobjectshave
Out-Refsandwhenwe identify that theapplicationis pro-
cessingtowardssuchanOut-Ref-Object(ORO) theOut-Ref
pagebecomesa candidatefor prefetching.

Theprefetchstartswhentheapplicationencountersaso-
calledPrefetch Start Object(PSO).Although the determi-
nationof OROsis easy, determiningPSOsis slightly more
complicated.Therearetwo factorsthatcomplicatefinding
PSOs:

1. PrefetchObjectDistance(POD)

For prefetchinga pageit is importantthattheprefetch
requestarrivesat the client beforeapplicationaccess
to achieve a maximumsaving. The POD definesthe
optimal distanceof � objects from the PSO to the
ORO objectwhichis necessaryto provideenoughpro-
cessingto overlapwith prefetching. Let

�����
denote

thecostof a pagefetchandlet
�����

denotethecostof
objectpreparation.The costof object preparationis
theESM client processingtime beforetheapplication
canwork on the object	 . ThenPOD is computedas
follows: 
�������������� �
If theprefetchstartsbeforethePOD,a maximumsav-
ing is guaranteed,however, if it startsafter the POD,
but beforeaccess,somesaving can still be achieved
(seesection4.2).

2. BranchObjects

A complex objecthasreferencesto otherobjects.The
userof theapplicationdecidesat ahigherlevel these-
quenceof referenceswith which to navigate through
theobjectnet.We definea Branch Objectasanobject
whichhasat leasttwo referencesto otherobjects.Ob-
jectsthatarereferencedby aBranch Objectaredefined
as a Post-Branch Object. For example in fig. 1 we
have a complex objecthierarchy. Theobjectwith the
OID (ObjectIdentifier)1 wouldbedefinedasaBranch
Objectbecauseit containsa branchin the treeof ob-
jects. Objectswith OID 2, OID 7 andOID 12 would
bedefinedasPost-Branch Objectsbecausethey arethe
first objectsde-referencedby a Branch Object.

For every identifiedORO in the pagewe computethe
PSOby thefollowing algorithm:�

Additionally we could usethe expectedamountof processingfrom
theapplication.
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Figure 1. Object relationship

1. Retrieve theOID of theORO andof theobjectin the
next pagereferencedby theORO.

2. Computethe PODto definethe distanceof � objects
from PSOto ORO.

3. Determinethe PSOby following theobjectreference� objectsbackwardsfrom the ORO. If therearenot
enoughobjectsin thereferencechainbeforetheORO,
thenwe will identify the first objectin thepagefrom
thereferencechainto achieve at leastsomesaving.

4. If theobjectis alreadyidentifiedasaPSOandthepre-
viouslyidentifiedPSOhasadifferentPost-Branch Ob-
ject thenwewouldidentify thePost-Branch Objectsof
theobjectasPSOs� .

DefiningPost-Branch ObjectsasPSOscanimprove the
accuracy for the predictionandreducesthe numberof ad-
jacentpagesto prefetch. For examplein fig. 1 we would
identify OID 5, OID 10 andOID 15 asOROs. In this ex-
ampleweassumea PODof 4 objects.Onanalyzingpage2
wewouldidentifyOID 5 asanORO.FromOID 5 wewould
go throughthe chainbackwardsby 4 objectsandidentify
OID 1 asa PSO.Thenwewoulddo thesamefor theOROs
OID 10andOID 15andidentify OID 1 asthePSOfor both.
After analyzingthewholepagewewouldfind out thatOID
1 hasthreePSOswith differentPost-Branch Objects. In this�

This stepis executedafterwe have definedall PSOsfrom theOROs
in apage.

casewe would identify the Post-Branch Objectsof OID 1
(OID 2, OID 7 andOID 12)asPSOsinsteadof OID 1.

Thenovel ideaaboutour techniqueis to makeprefetch-
ing adaptableto theclientprocessingon theobjectnet.Be-
causethe cost of a pagefetch is high we try to start the
prefetchearlyenoughto achieve a high saving but not too
early to prefetchinaccurately. In contrastto the work of
[13], we do not prefetchall referencesrecursively; instead
weselectthepagesto prefetch,dependentontheclientpro-
cessing.Recursive objectprefetchinghasalsotheproblem
thatprefetchedpagescanbe replacedagainbeforeaccess.
Adaptive objectprefetchinglimits the numberof prefetch
pagesto theadjacentpages.In contrastto [5], we look fur-
theraheadfor objectsto prefetchthantheimmediateobject.

Page
[PageID]

PSO
[SlotIndex]

ORO
[SlotIndex]

RefPage
[PageID]

RefOID
[SlotIndex]

Figure 2. Entry in POT

Eachpageof thedatabaseis analyzedoff-line. TheAna-
lyzer storesthis informationin thePOT for every database
root� . Fig. 2 depictsthe layout of oneentry in the POT.
Entriesfor one pageare clusteredtogetheron disk. The
overheadfor this tableis quitelow asit only containsa few
objectsof thepage.

At run time, the information from the POT is usedto
start the prefetchrequests.The run time systemallocates
enoughthreadsfor prefetching.If essentialpointersfor the
navigationareupdatedin atransactionwewouldinvalidate
thePOT for this pageandmodify it afterthecompletionof
thetransaction.

Thisprefetchingtechniqueisnotonlyusefulfor complex
objects,it can also be usedfor collection classes(linked
list, bag,setor array)in OODBMSs.Applicationstraverse
an objectcollectionwith a cursor. With PSOandORO it
would bepossibleto prefetchthe next pagefrom a cursor
position.In thedescriptionof our technique,theobjectsize
is assumedto be smallerthanthe pagesize. If the object
is larger thana page,prefetchingcanbe usedto bring the
wholeobjectinto memory.

In futurework we want to investigateperformanceand
behaviour whenthePOT predictsa largenumberof pages.
For this casewe could usea multiple pagerequest. To
furtherreducethenumberof pages,we couldmaintainin-
formationabouta frequency counton how often therefer-
encedpageis accessedfrom thisORO. Thetotal frequency
countfor a pagewould becomputedby addingup all fre-�

This is importantbecauseobjectson the samepagecould belongto
differentroots.
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quency count valuesof the OROs having the samerefer-
encedpage. This total frequency count combinedwith a
thresholdmakestheprefetchdecision.Anotherpossibility
is to useonly specialdatamembersof the object for pre-
fetching.

2.2 Replacement Policy

In the ESM client it is possibleto openbuffer groups
with differentreplacementpolicies(LRU andMRU). Freed-
manandDeWitt [9] proposeda LRU replacementstrategy
with onechainfor demandreadsandonechainfor prefetch-
ing. Wealsoplanto usetwo chainswith thedifferencethat
whena pagein thedemandchainis movedto thetop of the
chain,theprefetchedpagesfor this pagearealsomovedto
thetop. Theideaof thisalgorithmis thatwhenthedemand
pageis accessed,it is likely that the prefetchedpagesare
accessedtoo. If a pagefrom theprefetchchainis requested
it is movedinto thedemandchain.

3 System Architecture

3.1 The EXODUS Storage Manager

Weimplementedtheprefetchingtechniquein ESM.The
EXODUSclient/server databasesystem[3] wasdeveloped
at the University of Wisconsin. It aidsa databaseimple-
mentor in the task of generatinga DBMS by providing
a storagemanager, a programminglanguageE (an exten-
sionof C++), a library of access-methodimplementations,
a rule-basedqueryoptimizergenerator, andtools for con-
structingquery-languageoptimizers.

Thebasicrepresentationfor datain thestoragemanager
is avariable-lengthbytesequenceof arbitrarysize,incorpo-
rating thecapabilityto insertor deletebytesin the middle
of the sequence.In the simplestcase,thesebasicstorage
objectsareimplementedascontiguoussequencesof bytes.
As theobjectsbecomelarge,or whenthey arebrokeninto
non-contiguoussequencesby editing operations,they are
representedusinga B-treeof leaf blocks,eachcontaininga
portionof thesequence.Objectsarereferencedusingstruc-
turedOIDs� .

On thesebasicstorageobjects,thestoragemanagerper-
forms buffer management(LRU or MRU), concurrency
control, recovery, anda versioningmechanismthatcanbe
usedto provide a varietyof application-specificversioning
schemes.Transactionsare implementedusinga shadow-
ing andloggingtechnique.Client andserver communicate
via thesocketinterface.The client specifiesthe requested
datain a messagestructureandsendsit to the server. The�

Object identifiers containinga physical and logical component(in
ESMpagenumberandslot number).

server updatesthisstructureandrespondswith theattached
8K page.

3.2 The Prefetching Architecture
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Figure 3. Prefetching architecture

In this sectionwe describehow prefetchingis incorpor-
atedinto ESM.For theconcurrentexecutionof theapplica-
tion andtheprefetchsystemwe usedtheSolaristhreadin-
terface.Multithreadingcombinedwith prefetchinghasthe
benefitsof:

1. Increasedapplicationthroughputandresponsiveness;

2. Performancegains from multiprocessinghardware
(parallelism);

3. Efficientuseof systemresources.

As depictedin fig. 3, the databaseclient is multithreaded.
TheAppThreadis responsiblefor theprocessingof theap-
plicationprogramandthePrefetchThreadis responsiblefor
fetchingpagesin advanceinto thebuffer pool. A Support-
Thread hasthe sametask as the PrefetchThread with the
only differencebeing that it is scheduledby the Prefetch-
Thread. Eachthreadhasoneassociatedsocket. The POT
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informsthePrefetchThreadwhichpagesarecandidatesfor
prefetchingfrom thecurrentprocessingof theapplication.
ThePrefetch List is a list of pageswhich arecurrentlypre-
fetched.The FlushThread is responsiblefor flushingdirty
pagesto theserver.

At thebeginningof atransactiontheAppThreadrequests
thefirst pagefrom theserver by a demandread. ThePre-
fetchThreadalwayscheckswhichobjectstheAppThreadis
processing.Having obtainedthis information, it consults
the POT for a pageto prefetchandchecksif this pageis
alreadyresident.If not, thepageis insertedin thePrefetch
Listandtherequestissentto theserver. Theserverresponds
with thedemandedpageandtheclient insertsthepageinto
its buffer pool. Eventually the pageis removed from the
Prefetch List andinsertedinto the hashtableof the buffer
pool.

If thePOT predictsmultiplepages,SupportThreadshelp
thePrefetchThread; this is usefulwhentheprefetchobject
distanceis short. The numberof SupportThreads is de-
terminedby thenumberof simultaneousprefetchrequests.
EachSupportThreadrunson its own LWP" andwhile one
SupportThreadblockson I/O, anotherSupportThreadcan
insertits pageinto thebuffer pool.

WhentheAppThreadrequestsanew page,it first checks
if the pageis in thebuffer pool. If thepageis not resident
thenit checksthe Prefetch List. If the pagehasbeenpre-
fetchedtheAppThreadwaitsona semaphoreuntil thepage
arrives,otherwiseit sendsademandrequestto theserver.

TheESMserveris notmultithreaded# andperformseach
requestsequentially. But theserver forksa new processfor
the disk management.The server anddisk managercom-
municatevia sharedmemory. The server puts a request
for a new pagein a disk queueandthedisk managerreads
thepagefrom disk andcopiesit into thebuffer pool of the
server. Incorporatingthreadsinto theserver would further
improve the whole systemsperformanceandis part of fu-
turework.

For the parallelexecutionof threadson the client, syn-
chronizationmechanismsare required. The accessto the
buffer pool is protectedby mutexes,whichmeansthatonly
onethreadatatimeis ableto makearesidency checkor ma-
nipulation. Wheneitherthe AppThreador PrefetchThread
are idle they wait on a semaphore.A semaphoreinforms
theSupportThreadthatthereis a pageto prefetch.

Prefetchthreadsaremostly idle asthey await the com-
pletionof I/O. This meansthatseveral threadscanbeallo-
catedto a singleprocessorandthe threadswill not have to
wait for anoperatingsystemtime-sliceto completebefore
they canexecute. The Solaristhreadinterfaceprovidesa
function to give the threadspriorities. TheAppThreadhas$

Lightweightprocess(LWP)canbethoughtof asavirtual CPUthatis
availablefor executingcode.%

But ESMrunsmanytasks,asconcurrentprocesses,ononeprocessor.

Parameter Server Client

SPARCstation 20Model612 10Model514
Main Memory 192MB 224MB
Virtual Memory 624MB 515MB
Numberof CPUs 2 4
Cyclespeed 60MHz 50MHz

Table1: Computerperformancespecification

Parameter Disk controller

ExternalTransferRate 9 Mbytes/sec
AverageSeek(Read/Write) 8 msec
AverageLatency 4.17msec

Table2: Disk controllerperformance

the highestpriority to makesurethat the applicationpro-
cessingalwaysgetsschedulingpriority ononeof theCPUs
beforethe prefetchthreads.& ThePrefetchThreadhasa 50
percentpriority ' andthe SupportThreadshave low priori-
ties.

4 Performance Evaluation

4.1 System Environment

In table1 we give a specificationof thecomputersused
in our experiments.The client machinehas4 processors.
The Ethernetnetwork is running at 10 Mb/sec. The per-
formanceof the disk controller (SeagateST15150W)is
presentedin table2.

4.2 Theoretical Results

Thesuccessof prefetchingis dependenton theaccuracy
of thepredictionandthecompletionof theprefetchbefore
access.We definethe costof objectprocessingto be

� �
.

Let
� ���

denotethecostof preparingoneobjectfor applica-
tion accessandlet

����(
denotethecostof processingon the

objectfrom theapplicationpluswaiting time.
���

is calcu-
latedby:

��� � �����*)+���,(
(1)-

On a uniprocessor, a subtlerapproachto allocatingpriorities would
beneededin orderto strikea balancebetweenapplicationprocessingand
prefetching..

Prioritiesin Solarisareintegervaluesfrom 0 to 127.
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Thecostof a pagefetch,
���

, is dependenton client and
server processingandthenetwork.

�0/21
denotesthecostof

clientprocessingon thebuffer pool; 354 denotesthecostof
networktransfer;6 1 is thecostof server processingon the
bufferpool; 6�7 is theserverqueueingcostand 698 is costfor
thediskaccess.

� �
is calculatedby:

��� � �0/ 1 ) 3 4 ) 6 1 ) 6 7 ) 6 8 ) 3 4 ):�5/ 1
(2)

Thesaving for oneout-goingreference6 �<; is dependent
on the numberof objectsbetweenthe startof the prefetch
andapplicationaccessto theprefetchedobject( 3 � ) and

���
:

6 �<; �>= � � ?A@CB � �*D 3 �*E � �GF� �HD 3 � IKJML�N�OQPR?ASTN (3)

If thereis enoughprocessing(i.e.
� �UD 3 � ) to overlap

thenthe saving is the costof a pagefetch. If not, thereis
also,albeitlower, saving of theamountof processingfrom
prefetchstart to access(

��� D 3 � ). Pagesnormally have
many out-goingreferences.The numberof referencesto
differentpagesis denotedby � . 6 � , thesaving for a whole
page,is givenby:

VXWZY\[] ^`_ � Vba<cXd2e�f (4)

Finally, thesaving of thetotal runis definedby 6 ; which
is influencedby thecostof thethreadmanagement(

� 4 ), by
thecostof thesocketmanagement(

��g
) andby thenumber

of pagesin therun (q):

V c Yhdji] k _ � V W dmlnfAfporq9s�otqCu (5)

4.3 Benchmark description

For the evaluationof the prefetchingtechniquewe cre-
ateda benchmarkwith complex objects.Therequirements
for thebenchmarkwere:v Theapplicationaccesspatternshouldbedynamicand

differentfor every run;v Thesizesof theobjectsshouldbefairly uniform;v Objectreferencesshouldbecomplex;v The numberof pagesaccessedin onerun shouldbe
equalto,or lessthan,thenumberof pagesin thebuffer
poolat theclientandserver.

OID 1

OID 2

OID 3

OID 4

OID 5

OID 7

OID 8

OID 9

OID 10

OID 11

OID 12

OID 13

OID 14

OID 15

OID 16

OID 17

OID 18

OID 19

OID 20

OID 21

Page 2 Page 3

Branch Object

Normal
Object

Out−Ref Object

Page 1

OID 6

Page 4

Page 5 Page 6

Page 7

Page (P) 8  P 9 P10 P 11 P12 P 13 P 14 P 15 P 16 P 17 P 18 P 19

Figure 4. Benchmark structure of one page

In fig. 4 we depictthe designof onepagew . Thereare
three typesof objects: Branch Objects, Out-Ref-Objects
(ORO) andNormal Objects. A Branch Objectdecidesby
a randomoperatorwhich objectreferenceto follow in the
tree. An ORO has pointersto objectsin different pages
which areall accessedwhenencountered.A Normal Ob-
jectpointsto threeotherobjectsin thesamepage.Thetype
for all objectshasfour pointersanda sizeof 72 bytes. In
onerun195pagesareaccessedandeachpagecontains112
objects.

Theapplicationstartswith oneroot objectfrom thefirst
page.TheBranch Objectsdecidethenavigationin thepage.
Whenareferenceto anotherpagefrom theupperlevel (e.g.
Pages2 to 7) is encounteredonly the first objectfrom the
otherpageis dereferencedandthentheapplicationcontin-
uesin page1. At thelower levels(e.g. Pages8 to 19) two
pagesare dereferencedwith 1 object (the sameas at the
upperlevel) andin onepagethe applicationcontinuesthe
navigation. Having two or threereferencesto otherpages
givesus thepossibility to testprefetchingunderstrict time
conditions. It alsomeansthat the programis quite I/O in-
tensiveandthesavingsin percentagetermswill behigh. In
[14], [15] we presenteda benchmarkwhich was lessI/O
intensive.x

Everypagehasthesamestructure.
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Fig.4 needssomeexplanationconcerningthenumberof
NormalObjects. Thenumberof NormalObjectsbeforean
Out-Ref-Objectis 15. Thecostof processing20 objectsis
equalto the costof onepagefetch in our systemenviron-
ment.Every objectis fetchedinto memorywith nocompu-
tationor waitingtimeon theobject.

4.4 Performance Measurements

All thetestsweremadein amulti-userenvironment.Be-
causewe wereunableto get exclusive accessto the ma-
chinesandnetworkit is not possibleto comparetheabso-
lute timesof differentfigures. Nevertheless,we madethe
testsat a time whentheworkloadwaslow. Savings in per-
centmeanthepercentsaving of a prefetchingversioncom-
paredwith aversionwithoutprefetchingandmultithreading
(Demand).

In fig. 5awe presenttheresultsof our benchmark.Pre-
fetch1meansonePrefetchThreadsupportstheapplication;
Prefetch2meansthereis onePrefetchThreadandoneSup-
portThreadandPrefetch3hasonePrefetchThreadandtwo
SupportThreads.Fig. 5ashowsthatwith anincreasednum-
berof prefetchthreadstheelapsedtime of theapplications
is reduced. Recall from the benchmarkstructurethat an
ORO has three referencesto other pages,thereforePre-
fetch3hasthebestperformancebecauseit achievestheop-
timal numberof prefetchthreadsfor pagerequests.Fig. 5b
shows the savings of the prefetchingversionsin percent.
Prefetch1only providesa5%improvement,comparedwith
Prefetch3whichachievesa saving of 23%.

The effect of additionalclients (Demandversionsrun-
ning on othermachines)is shown fig. 6. Prefetch2always
performsbetter than Demand. At the level of 3 clients,
Prefetch1performsworsethan Demand. This is because
the cost of the threadmanagementis higher than the be-
nefit of prefetching. In generaleachclient increasesthe
networkworkload,the server processingandthe work for
the disk manager. If theprefetchrequestis completedbe-
foreclientaccessthesavingsin percentwouldincreasein a
multi-client environment. If theprefetchrequestwould be
servedat thesametimeat theserver or evenlater, prefetch-
ing woulddecreaseperformancedueto theadditionalcosts
of thethreadmanagement.

In fig. 7 wepresenttheresultsof ourdistributeddatabase
test. Prefetchingalwaysgeneratesadditionalworkloadfor
theserver, so thata multi-server environmentis moresuit-
ablefor prefetching.For this testwesplit thedatabaseinto
two databases,eachmanagedby oneserver. The servers
bothrun on thesamemachineso asto have thesamecon-
ditionsfor thehardware.Fig. 7 shows thatall versionsim-
proveperformancein thedistributedenvironment.

The sizeof the buffer pool hasan importantimpacton
the performanceof the prefetchtechnique.We compared

performancefor 10,100and200framesin thebuffer pool.
Theupdateversionswrite justoneobjectonthepage,which
causesthe page to be markeddirty. The time for this
testwasstoppedjust beforethecommitof the transaction.
Comparingbothreadversionsin fig. 8, thePrefetchversion
can increaseslightly the amountof saving with increased
buffer size. The elapsedtime of the Demandversionin-
creaseswhereasthe elapsedtime of the Prefetchversion
staysalmostconstant.The Prefetchversionperformsbet-
ter with a larger numberof buffer framesbecausethis re-
duceslocking of synchronizationvariables.Thewrite ver-
sionsbehave very similarly. A highernumberof available
framesreducesthenumberof server flushesat transaction
time,whichhasa directeffect ontheresponsetime.

In thenext testwe stoppedthe time afterthecommitof
thetransaction.For thereadversionstheresultarethesame
asin fig. 8, theDemandversionincreasesslightly andthe
Prefetchversionstaysalmostconstant.For the write ver-
sionswe createdoneversion,calledPrefetch write, which
flushesall dirty pagesat theendof thetransactionsequen-
tially and anotherversion, called Prefetch write mt flush
with hastwoFlushThreadsto dotheflushingin parallel.All
write versionsreduceelapsedtime with a buffer sizeof 50
comparedwith 10,but theirelapsedtime increasesafter50.
Over a buffer size of 100 the multithreadedflush version
outperformsthe sequentialflush version(at a buffer size
of 200 the advantageof the multithreadedversionis 1.23
seconds).This testproves that multithreadingis not only
usefulfor prefetching;flushingdirty pagesto theserver is
alsoa suitableapplicationfor multithreading.

In fig. 10 we comparedour presentedprefetchingtech-
nique(usinga POT table)with the techniquepresentedin
[5] whichprefetchesonly adjacentreferencesfrom thecur-
rent object. The prefetchadjacentversionachieved quite
a surprisinglygood result becauseof the structureof the
benchmark.All threepagefetchesarefromoneobject.Two
prefetchescanbemadeat thesametime asthefirst pageis
prefetched.Thereforeonly the first pagefetchhasa suffi-
ciently largepenaltyto arrive late.

In thelasttestweshowedtheeffectof incorrectprefetch
requests.We usedthe samebenchmarkfor this testwith
theonly differencebeingthatwenavigateonly to onepage
from theORO. Theothertwo pagescanbeusedfor incor-
rectprefetches.In fig. 11 Two incorrectmeansprefetching
two pagesincorrectlyfrom an ORO; Oneincorrect means
prefetchingoneincorrectlyandCorrectmeansoptimalpre-
fetching. The Inter-ReferenceTime (IRT) simulatesover-
headfor client processing.The valuesof the IRTs arethe
numberof loop iterationsafter every object access. The
elapsedtime of 3560iterationsis equalto theelapsedtime
of oneobjectpreparationfor client access.1675iterations
areequalto half of oneobject preparationand850 itera-
tionsareequalto a quarter. Additional overheadfor client
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processingcouldbeproducedby a pointerswizzling tech-
nique,applicationclient processingor waiting time. One
incorrectandCorrectalwaysperformbetterthanDemand.
After anIRT valueof 850,Two incorrectcanalsoimprove
performance.

5 Conclusions and Future Work

Wepresentedaprefetchingtechniquefor object-oriented
databasesusingmultithreading.At runtimeweobservethe
applicationclient processingand if the applicationmoves
towardsa pagewhich is not residentwe will prefetchthis
pageusingthe informationof the POT. All informationof
thePOT is collectedoff-line by ananalyzer. This informa-
tion is usedat runtimeby theprefetchthreads.Wealsouse
multithreadingfor flushingdirty pagesto the server. This
is especiallyusefulat the endof a transactionwhenmany
pageshave to be flushedto the server. The resultsof our
benchmarkshowed that prefetchingcanimprove perform-
ancesignificantlyif objectaccessis reasonablypredictable.
The fastestprefetchingversionachieved a saving of 23%.
Evenwill aprefetchaccuracy of only33%,performancecan
still be improved by prefetching. Prefetchingis alsosuc-
cessfulwith additionaldatabaseclientsaslongastheserver
doesnotbecomea total bottleneck.We showedthattheor-
ganisationof distributeddatabasesis attractivefor prefetch-
ing. Increasingthe buffer size improved significantly the
responsetime in a write transaction.To speeduptheflush
of dirty pagesto the server we alsousedthreads.Above a
buffer size of 100 framesthe multithreadedversionhasa
15%percentadvantageover thesequentialflushversion.

In the future we will compareour techniquewith other
proposedprefetchingtechniques.We will implementthe
OO7benchmarkto seehow our techniquewill performin
thisenvironment.Wealsolookatrealapplicationstructures
for prefetching. Another possibility is to makethe ESM
server multithreaded.The problemis the synchronization
of thethreadsto accessglobaldataconcurrentlyandsafely.
For example,if many threadswantto accessthebufferpool,
waiting time will be increased.If theclient demandsmul-
tiple pageswithout strict time restrictions,our systemwill
testtheunit of I/O with a setof pages.

References

[1] J.-H. Ahn and H.-J. Kim. SEOF: An AdaptableObject
PrefetchPolicy For Object-OrientedDatabaseSystems.In
Proc.of the13thInt. Conf. on Data Engineering, Birming-
ham,UK, Apr. 1997.

[2] P. Cao, E. Felten, A. Karlin, and L. Li. Implementation
andPerformanceof IntegratedApplication-ControlledFile
Caching,Prefetching,and Disk Scheduling. ACM Trans.
Comput.Syst., 14(4),Nov. 1996.

[3] M. Carey, D. DeWitt, G. Graefe,D. Haight,J. Richardson,
D. Schuh,E. Shekita,andS. Vandenberg. The EXODUS
ExtensibleDBMS Project:An Overview. In S. Zdonik and
D. Maier, editors,Readingsin Object-OrientedDatabase
Systems, pages474–499.MorganKaufmann,1990.

[4] M. Carey, D. DeWitt, andJ. Naughton. The OO7 Bench-
mark. In SIGMOD[17], pages12–21.

[5] E. Changand R. Katz. Exploiting Inheritanceand Struc-
tureSemanticsfor Effective ClusteringandBuffering in an
Object-OrientedDBMS. In Proc. of the ACM SIGMOD
Conferenceon the Managementof Data, pages348–357,
Portland,Oregon,June1989.

[6] J. Chengand A. Hurson. On the PerformanceIssuesof
Object-BasedBuffering. In Proc.First Int. Conf. on Paral-
lel andDistributedInformationSystem, pages30–37,Miami
Beach,Florida,Dec.1991.

[7] M. Day. ClientCacheManagementin a DistributedObject
Database. PhD thesis,MassachusettsInstituteof Techno-
logy, Laboratoryfor ComputerScience,1995.

[8] D. DeWitt, J. Naughton,J. Shafer, and S. Venkataraman.
Parallelizing OODBMS traversals: a performanceevalu-
ation. VLDBJournal, 5(1):3–18,Jan.1996.

[9] C.FreedmanandD. DeWitt. TheSPIFFIScalableVideo-on-
DemandSystem. In Proc. of the ACM SIGMOD/PODS95
Joint Conf. on Managementof Data, pages352–363,San
Jose,CA, May 1995.

[10] C. GerlhofandA. Kemper. A Multi-ThreadedArchitecture
for Prefetchingin ObjectBases. In Proc. of the Int. Conf.
on ExtendingDatabaseTechnology, pages351–364,Cam-
bridge,UK, Mar. 1994.

[11] C. Gerlhof andA. Kemper. PrefetchSupportRelationsin
ObjectBases. In Proc. of the SixthInt. Workshopon Per-
sistentObjectSystems, pages115–126,Tarascon,Provence,
France,Sept.1994.

[12] J.F. Karpovich, A.S. Grimshaw, J.C. French. Extensible
File Systems(ELFS)An Object-OrientedApproachto High
PerformanceFile I/O. In OOPSLA, Portland,Oregon,Oct.
1994.

[13] T. Keller, G. Graefe,andD. Maier. Efficient Assemblyof
Complex Objects.In Proc.of theACM SIGMODInt. Conf.
on Managementof Data, pages148–157,Denver, USA,
May 1991.

[14] N. Knafla. A PrefetchingTechniquefor Object-Oriented
Databases.TechnicalReportECS-CSG-28-97,Department
of ComputerScience,Universityof Edinburgh,Jan.1997.

[15] N. Knafla. A PrefetchingTechniquefor Object-Oriented
Databases.In Advancesin Databases,15thBritish National
Conferenceon Databases,BNCOD 15, London, United
Kingdom,July1997.

[16] M. PalmerandS. Zdonik. Fido: A CacheThat Learnsto
Fetch. In Proc. of the 17th Int. Conf. on Very Large Data
Bases, pages255–264,Barcelona,Spain,Sept.1991.

[17] Proc. of the ACM SIGMODInt. Conf. on Managementof
Data, Washington,USA, May 1993.

[18] A. Smith. SequentialityandPrefetchingin DatabaseSys-
tems. ACM Trans. DatabaseSyst., 3(3):223–247,Sept.
1978.

8



Fig. 5a Demand and prefetching versions
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Fig. 5b Savings of the prefetching versions
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Fig. 6 Demand and prefetching versions with multiple 
clients
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Fig. 7 Data on one server or two servers
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Fig. 8 Impact of different buffer pool sizes  (stopped 
before commit)
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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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