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Abstract

Currentclient-senerobjectdatabasenanagement
systemsmployeithera pagesener or an object
sener architecture. Both of thesearchitectures
have their respectre strengthsput they alsohave
key dravbacksforimportantsystemandworkload
configurations.We proposea new hybrid sener
architecturewhich combinesthe bestfeaturesof
both pagesener and object sener architectures
while avoiding their problems. The new archi-
tectureincorporatesnen or adaptedversionsof
datatransfey recorvery, andcacheconsisteng al-
gorithms;in this paperwe focusonly on the data
transferand recovery issues. The datatransfer
mechanismallows the hybrid sener to dynami-
cally behae asboth pageandobjectsener. The
performanceomparisorof thehybrid senerwith
objectandpagesenersindicatesthat the perfor
manceof thehybrid seneris morerobustthanthe
others.

1 Introduction

We proposea new hybrid sener architecturefor client-
sener object databasemanagemensystems(ODBMSS)
which candynamicallyadaptand operateeitherasa page
sener or as an objectsener. Our fundamentathesisis
thatpagesenersandobjectsenersaregenerallypreferable
undera limited setof systemandworkloadconfigurations
[DFMV90, CFZ94,DFB™*96] andadaptvetechniqueshat
combinethe featuresof both are likely to respondbetter
to a larger classof systemand workload configurations.
Moreover, objectsenersarenotaspopularaspageseners,
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becaus@revious performancestudieshave shavn thatob-
ject seners are not scalablewith respectto datatransfer
[DFMV90] andconcurreng control/cacheconsisteny al-
gorithms[CFZ94. In this paperwe presentnew tech-
niguesand report performanceresultsthat shov that ob-
jectssenerscancompetewith pageseners.

1.1 Background

Object seners and page seners are the two compet-
ing data-shippingarchitectureemployedby the existing
ODBMSs[DFMV90, CFZ94. In data-shippingystems,
the clientsfetch datafrom the sener into their cachesand
perform someof the databaserocessingocally. Thus,
from scalability standpoint,clients help the sener from
becominga bottleneckby off-loading someof the work.
Prefetchinguseful dataalso reduce=ffective networkla-
teng. Figure 1 presentsa classificationof the differ-
ent data-shippingdDBMSs accordingto their datatrans-
fer mechanism. In data-shippingobject sener systems
(THOR, Versant),the sener respondsto client datare-
guestsby returninglogical objectsto the client (the first
columnin Figurel). In pagesener data-shippingystems
(ObjectStoreBeSS,02, SHORE),the sener respondgo
clientdatarequestdy returningphysicaldisk pagego the
client (thesecondcolumnin Figurel). Thus,the granular
ity of thedatatransferredromthesenerto theclientsisthe
key distinguishingfactorbetweerobjectandpageseners.
The datatransfergranularityfrom the sener to the client,
in turn, hasanimpacton buffer managementoncurreng
control, recorery andpointerswizzling algorithms. These
issuesarediscussedh Section2.
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Figure1: ODBMS Client-Sener ArchitectureClassifica-
tion Accordingto the DataTransferMechanism



1.2 Motivation For Adaptive Hybrid Server

The needfor a hybrid client-serer architecturewasrec-
ognizedfrom the very beginning of client-serer ODBMS
research[DFMV90], becausethe page sener and ob-
ject sener architecturesre desirableunderdifferent(but
overlapping)setsof workloadsand systemconfigurations.
However, there hasbeenno hybrid sener systemdesign
thatcandynamicallychangéts modeof operatiorto effec-
tively satisfythe needsof differentworkloadsandsystem
configurations.

Pagesener systemganoutperformobjectsenerswhen
the applicationdataaccesgpatternmatcheghe dataclus-
tering patternon disk (which we refer to in the rest of
the paperas good clustering)[DFMV90]. By receving
pagesundergoodclustering the clientsin the pagesener
architectureare able to prefetchuseful objectsthat they
will likely usein the future. Prefetchinghelpsto amor
tize communicatiorcostsin pageseners. In comparison,
objectsenersincur highercommunicatioroverheadsince
they transferindividualobjectsfrom the senerto theclient
[DFMV90]. However, whenthe dataclusteringpatternon
diskdoesnotmatchthedataaccespattern(badclustering),
transferringhe entirepagefrom the sener to theclientsis
countefrproductie sincethis increaseghe network over-
headand decreaseslient buffer utilization. Dual client
buffer schemegkKK94, CALM87], which allow the stor
ageof well clusterechagesandisolatedobjectsfrom badly
clusteredpageshelpimprove client buffer utilization.

Page seners are inefficient for the emeging hy-
brid function-shippingdata-shppingarchitecturefK JF9g
where,in additionto requestingdatafrom the sener, the
clientsalsosendquerieso beprocesseatthesener. The
sener processeshe queriesand returnsonly the results
backto the client. If a queryresultis spreadacrossmul-
tiple disk pageseachof which containsonly afew objects,
thenit is very inefficientto sendall of the disk pagego the
client[DFB*96).

An importantstudyon clustering TN92] hasshavn that
it is difficult to comeup with goodclusteringwhenmulti-
ple applicationswith differentdataaccesgatternsaccess
the samedata. Therefore goodclusteringcannotbe taken
for grantedandthe problemof transferringoadlyclustered
pagess afundamentaissuein pageseners.

The datatransferproblemof objectsenerscanbe re-
solved by transferringa groupof objectsratherthana sin-
gle objectfrom the sener to the client (so calledgrouped
objectseners). A dynamicobject grouping mechanism
hasbeenproposedLACt96] that makesgroupedobject
seners competitive with pagesenerswith respectto the
datatransfemmechanismHowever, groupedobjectseners
incur higher group forming/breakupoverheadthan page
senerswhenclusteringis good. Thus,thereis a needfor
anarchitecturavhich dealswith pageswvhenthe clustering
is good. Cacheconsisteng/concurreng controlis still a
problemin objectsenersbecausehey sendseparatéock
escalatiormessageffor escalatingrom readlock to write
lock) to the sener for eachobject[CFZ94. Pageseners
areableto sendlock escalatiormessageat the granular
ity of a pageand arethusableto reducelocking related
communicatioroverhead.In orderto avoid this problem,
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object seners typically use optimistic concurreng con-
trol algorithmswhich have no explicit lock escalatioomes-
sagegLAC*96]. However, the resultinghigh abortrate
is undesirablédrom performanceand usability standpoints
[OVU98]. Thus, at presenttheredoesnot exist an effi-
cient,low abortconcurreng control/cacheconsisteny al-
gorithmfor objectseners.Objectsenerrecosery hasbeen
a ngglectedarea,perhapsartially asa resultof giving up
on object seners due to their perceved problems. Cur-
rently thereare no publishedobjectsener recovery algo-
rithmsthatarecomparableperformance-wisdp the page
sener recovery algorithms [MN94, FZTt92]. Finally,
when clients in the object sener architecturereturn up-
datedobjectsto the sener, thesener hasto re-installthese
updatedobjectson their correspondindiome page(redo-
at-serer recovery) beforewriting the pagebackto disk. If
thesener bufferis heaiily contendedihenthehomepages
might not be presenin the sener buffers necessitatingn-
stallationreadsto retrieve the homepagesrom disk. The
proponent®f objectsenershave introducedthe notion of
amodifiedobjectbuffer (MOB) [Ghe9] atthesener. The
MOB storesthe updatedobjectsthat have beenreturned
by the clients. The MOB helpsto intelligently schedulea
groupof installationreadsandthusreducethe installation
readoverhead. However, in workloadswherethe clients
areupdatinglarge portionsof a page.,it is desirableto re-
turn updatedoagesto the sener. Thus,a client-serer ar
chitecturemustbe flexible andshouldallow for the return
of updatedpagedrom theclientto thesener.

1.3 Paper Scope and Contributions

In this paperwe proposean adaptve hybrid sener archi-
tecturewhich adjustsits behaior betweena pageandan
objectsener, andis thusableto incorporatethe strengths
of bothpageandobjectseners. Theadaptve hybridsener
architecturencorporateshefollowing contributions:

1. An adaptvedatatransfemechanisnthatdynamically
decideswvhetherto ship pagesor objectsbetweerthe
senerandtheclient.

2. A new efficient object sener recorery mechanism,
which is usedby the hybrid sener and can also be
adoptedy existing objectsener architectures.

3. An efficient, low abort rate cacheconsisteng algo-
rithm for object seners. Asyntironousavoidance-
basedcadte consistencyAACC) algorithm[OVU98]
for pageseners hasbeenshown to have both good
performanceand and a low abort rate. We adapt
AACC for objectseners.

We comparethe performanceof the hybrid sener with

three other prominent architectures: grouped object
seners, pagesenersthatusehardwarepagefaulting, and
pagesenersthatusesoftwarepagehandling. Theresults,
reportedin Section5, shav thatperformance-wiséhe hy-

brid sener architecturdés morerobustthanthe others.Be-
sidestheseresults,the performancestudyis importantin

its own right for two reasons:
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Figure2: Decadeof researclinto pageandobjectsener ODBMSs

1. This s the first multi-userclient-serer performance
studythat compareghe performanceof pageseners
and groupedobject seners. Previous studieseither
focusedon single-usersystemgDFMV90, CDN93,
LAC*96], or they did not considergroupedobject
seners[DFMV90, CFZ94].

2. This is the first multi-userclient-serer performance
studythat looks at datatransfer buffer management,
cacheconsistenyg, concurreng control,recosery and
pointerswizzlingsystemcomponenti anintegrated
manner Currently the existing ODBMS productsuse
differentcombination®f algorithmsfor thesesystem
componentsanddueto theinteractionbetweerthem,
it is difficult to properlyassesthestrengthandweak-
nessof thedifferentarchitecturesinderarangeof im-
portantworkloads.

1.4 Paper Organization

Section2 discusseghe relatedwork. Section3 presents
the new hybrid sener architecture Sectiord describeshe
experimentaketupandworkloads.In Section5 we present
resultsof our experiments.Section6 containsa discussion
of the experimentresultsand Section7 containsour con-
clusions.

2 Related Work

Figure 2 summarizedhe client-serer ODBMS research
thathasbeenperformedverthelastdecadeontopicsrele-
vantto thispaper Theseplayasignificantrolein determin-
ing the overall performanceof data-shipping:lient-serer
ODBMSs. In this sectionwe summarizehe researctthat
hasbeenconductednto datatransfer cacheconsisteny,
buffer managementecoery andpointerswizzling.

Data Transfer: Theinitial client-sererperformanceatudy
[DFMV90] identified pagesener, objectsener, andfile
sener asthethreealternatve client-sererarchitecturesA
key conclusionwasthat pageseners are desirablewhen
the data accesspatternmatchesthe data clustering pat-
tern on disk. This study promptedthe developmentof
prefetchingtechniquesfor both pageand object seners
[GK94, LACT96]. A static hybrid datatransfermecha-
nism hasbeenimplementedn Ontos[CDN93] in which,
for eachobjecttype, the applicationprogrammerspecify
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whetherthey wantto dealwith objectsor pagesin this pa-
perwe proposea dynamichybrid datatransfermechanism
which usesrun-timeinformationto automaticallyadaptit-
selfandoperateaseithera pageor anobjectsener. A par
tial hybrid sener architecturen which the sener always
sendspagedo the clients, but the clientscandynamically
chooseto return either updatedpagesor updatedobjects
hasbeenproposed0S94. This flexibility requiresrevi-
sionsin theconcurreng controlandrecorery mechanisms,
but thesehave not beenaddressedn the partial hybrid
sener proposal Moreover, thestudywasin favor of archi-
tecturesthat return pagesbecauseclients updateda large
portion of a page. This increasedsener buffer utilization
andled to their algorithmalwaysreturningupdatedpages
if they are presentin the client cache. Our performance
resultsshav that returningpagesis not alwaysdesirable.
Finally, while dealingwith large objectsthatspanmultiple
pagesit is desirablgo beableto transferonly portionsof
thelarge objectbetweerclientsandseners.Both pageand
objectsenershave to be modifiedto ensurethattheentire
large objectis not transferredasa singleunit betweerthe
sener andthe client. Our proposalis a full hybrid archi-
tecturewhereboth the sener andthe clients cantransfer
pagesor objects. As discussedn Section3, our proposal
addressemary of theissuegaisedabove.

Cache Consistency: Most of the existing cachecon-
sisteny researchhas beenconductedwithin the context
of page seners (for an excellent suney see[FCL96)).
For most user workloads, invalidation of remote cache
copies during updatesis preferredover propagationof
updatedvaluesto the remote client sites. Moreover,
caching of read-locksacrosstransactionsat the clients
is preferredover cachingof both read and write-locks
[FC94. It hasbeenshavn that adaptie locking algo-
rithms that switch betweenpage level and object level
locks are more robust than purely pagelevel locking al-
gorithms [CFZ94]. Cacheconsisteng algorithmshave
beenclassifiedasavoidance-basednddetection-basedl-
gorithms[FCL96]. Avoidance-basedlgorithmsdo notal-
low for the presencef staledata(datathat hasbeenup-
datedand committedby remoteclients)in client caches,
whereadetection-basedlgorithmspermitclientsto have
staledatain theircache@ndaborttransactiongstalecace
aborts)whenthey have accessedtaledata. Client cache
consisteng algorithmscanalsobe classifiedaccordingto



when the clients senda lock escalationmessageo the
sener. Clients can sendlock escalationmessagesn a
synchronousasynchronousr deferredmanner[FCL96].

In a previous paperwe shaved that a nev adaptve al-

gorithm, calledasyntironousavoidance-basedade con-
sistency(AACC), outperformsotherleadingcacheconsis-
teng algorithms[OVU98] suchasACBL [CFZ94],which

is a synchronousvoidance-basedlgorithm, and AOCC
[AGLM95] which is a deferreddetection-basedlgorithm.
AACC is an avoidance-basedlgorithm,and, therefore it

has a much lower abort rate than AOCC. It usesasyn-
chronoudock escalatiormessagew have lower blocking

overheadhanACBL, anda lower abortratethandeferred
avoidance-basedlgorithms. AACC alsopiggybackdock

escalatiormessagewhile updatingdatathatis not cached
atmultiple clientsto reducdts messagéandlingoverhead.
Finally, sincetherecurrentlydoesnot exist acacheconsis-
teng/ algorithmfor objectsenersthat providesboth high

performancandlow abortratewe have modifiedthe page-
basedAACC for objectseners.

Pointer Swizzling: Thepointerswizzlingresearcthasled
to the developmentof hardware-basedndsoftware-based
algorithms[WD94]. In the former the pagelevel virtual
memory facilities provided by the operatingsystemare
usedto eagerlyswizzlethe pointerson a page. In the lat-
ter, a function call interfaceis provided to the client ap-
plicationsto accesghe pointers. The function code per
forms resideng checksand dereferencingf pointers. In
softwareswizzling, the swizzledpointersusually point to
the target object's entry in an indirection data structure
(objecttable). Thus,thereis a level of indirectionwhile
traversingfrom the sourceobjectto thetamgetobject. Page
senerscanuseeitherthe hardwareor the softwarepointer
swizzlingmechanismbut objectsenersuseonly software-
basedointerswizzling,sinceit is inefficientto resere vir-
tual memoryframesat the objectlevel. Currently mostof
thehardwargointerswizzlingmechanismstoretheswiz-
zled in-memory versionof the objectidentifierson disk
[WD94, LLOW91]. Sincethein-memoryversionof anob-
ject identifier is usually smallerthanthe on-disk version,
this reduceghe sizeof the objectson disk, which, in turn,
leadsto fewer disk 1/Os (in comparisonto the software
swizzling algorithms)while readingthe objectsfrom disk
[WD94]. Thesecondadwantageof storingswizzledpoint-
erson disk is thatif a client's working setfits completely
into its virtual memoryaddresspace thenthe hardware
pointer swizzling mechanismhasto swizzle the on-disk
versionof the objectidentifier only onceduringits initial
accessStoringof swizzledpointerson diskis animportant
strengthof the hardwareswizzling mechanism.However,
the hardwarepointerswizzling creategproblemsrelatedto
objectmigration(both betweerpagesandacrosssystems)
anddeletion,sincethereis nolevel of indirectionbetween
the sourceandthe target objects. Finally, sincethe hard-
ware swizzling relies on operatingsystemprovided page
faultingmechanismit usuallyemployspagelevel locking,
datatransferrecosery andbuffer managemennhechanisms
[LLOW91,BP9§ andthis hasnegative performancempli-
cationsasdemonstratedly our performancestudy

153

Recovery: In pageseners, clientscansendto the sener

eitherupdatecbageqwhole-pagdogging), updatecbages
andlog records[FZT+92, MN94], or log records(redoat
sener) [WD95]. For pageseners, returning both pages
andlog hasbeenshawn, in generalto have the bestnor-

mal operationperformancgWD95]. Existing pagesener

recosery mechanismsisethe STEAL/NO-FORCEbuffer

managemerpolicy wherethe pageson stablestoragecan
be overwrittenbeforea transactiorcommits,andpagesio

not needto be forcedto disk in orderto commit a trans-
action. STEAL/NO-FORCEis generallyregardedasthe
mostefficient buffer managementolicy, but the published
object sener recovery proposalsiKGBW90] do not use
it. The needfor an efficient objectsener recavery algo-
rithm hasbeenidentifiedasan outstandingesearctprob-
lem [FZT+92, MN94]. It hasalso beenshowvn that for

ODBMS workloads,it is not desirableto generatea log

recordfor eachupdatesincethesameobjectcanbeupdated
multiple timeswithin atransactionlnsteadjt is moreeffi-

cientto performa differenceoperationat committime be-
tweenthebefore-updatandafterupdatecopiesof dataand
to generatasinglelog record[WD95].

Buffer Management: Buffer managemeninnovations
have beenmadefor both pageand object seners. Dual
buffer managemertechniqguesanbe utilized by clientsin
pagesenersto increaseslient buffer utilization[ CALM87,
KK94]. Dualbufferingallows bufferingbothwell clustered
pagesandisolatedobjectsfrom badlyclusteredbagesOb-
jectsenerscanusethemodifiedobjectbuffer (MOB) atthe
sener that storesthe updatedobjectsthat are returnedby
theclients|[Ghe93. Theobjectsstoredin theMOB have to
beinstalledontheir correspondingnpomepagesandwritten
backto disk. The MOB allows the sener to intelligently
schedulenstallationreadsusingalow priority processand
thushelpsto amortizetheinstallationreadcost.

3 AdaptiveHybrid Server Design

Thefundamentaprincipleof thehybrid seneris thatit can
dynamicallyadaptandbehae asbothpageandasgrouped
objectsener; hencethe nameadaptivehybrid server The
hybrid sener architecturghatwe proposen this paperhas
thefollowing key components:

Data Transfer: A key featureis the ability to dynamically
adapthetweersendingpagesor agroupof objectsbetween
thesenerandtheclient. Boththeclientandthesenerhave

animportantroleto playto maketheadaptve behaior fea-

sible (detailsarepresentedn Section3.1).

Buffer Management: Sinceclientsandthe sener canre-
ceive eitherpage=or objects both clientandsener buffers
needto be ableto handlepagesandobjects.Theclientim-
plementsa dual buffer managersimilar to [KK94] which
canmanageboth pagesandobjects. The sener containsa
stagingpagebuffer to storethe pagegshatarerequestedby
the clients,and a modified object/pagebuffer to storethe
updateddatareturnedby theclients[Ghe93.

Pointer Swizzling: Sincethe hybrid sener needsto ma-



nipulatedataatboththeobjectandpagelevelit canusethe
softwarepointerswizzlingmechanismHowever, thisleads
to an increasein the databasesize, becausdhe software
swizzling schemestoresobjectidentifierswhich arelarger
in sizethanmemorypointershatarestoredondisk. There-
fore, in orderto have theflexibility of manipulatingdataat
anobjectlevel while storingmemorypointerson disk, the
hybrid sener architectureusesa hybrid pointerswizzling
mechanism.In this techniquethe sourceobject pointsto

an entry in an indirection structure[BP95 that, in turn,

containsa pointerto the tamget object. The disk version
of the object storesthe memory pointer from the source
objectto the indirectionstructureentry. Oncethe appro-
priatepartof theindirectionstructurenasbeenfaultedinto

memory the tamget objectis broughtinto memory using
DBMS software(similar to the softwareswizzling mech-
anisms)as part of an objectgroup or a page. Therefore,
unlike the hardwareswizzling schemespperatingsystem
pagefaulting supportis not usedto bring in dataobjects
andthis gives hybrid swizzling the flexibility to manipu-
late dataat both objectand pagelevels. Moreover, unlike

the hardwareswizzling approachthe level of indirection
enableghe hybrid pointer swizzling mechanisnto avoid

objectmigration/deletiorproblems,andit alsoallows for

fine-granularityobjectlevel locking.

Since the hybrid pointer swizzling approachusesthe
sametechniquesanddatastructureghat have beendevel-
opedby thehardwarepointerswizzlingalgorithmsfor stor
ing andhandlingmemaorypointers]WD94], we arenotre-
peatingthe detailshere. Theindirectionstructurels anad-
ditional datastructure(also presentin softwareswizzling
mechanismjhatis not usedby the hardwarepointerswiz-
zling mechanismbut it hasto be storedandretrievedfrom
a persistenstore. As a minimum, eachentry in the indi-
rection structurecontainsthe OID of the tarmget object, a
pointerto a structurecontainingrun-timeinformation,and
also a pointerto the target object. The indirectionstruc-
ture's pagesareunderthe controlof the DBMS.

Recovery: Recwery managementand client-to-server
datatransferare tightly linked becausehe client can ei-

ther return both pagesand log records,or it can return
only log recordswhenthe pageis not presentn the client

cache. The sener storesboth the redoandundo portions
of alog recordin its log buffer, but it storesonly theredo
portion of a log recordin its MOB. If the client returns
only log recordsthenthe sener usesa redo-at-serer re-

covery mechanismbut if the clientreturnsbothpagesand
log recordsthenthe sener dynamicallyswitchesanduses
the ARIES-CSA[MN94] recorery mechanismTherecor-

ery managemendetailsarepresentedh Section3.2.

Cache Consistency/Concurrency Control:  Since the
clientsin the hybrid sener architecturenandleboth pages
andobjectgroups the hybrid sener shouldbe ableto sup-
portlocking operationsat both pageand objectlevels. As
discussedn a previous client-serer locking performance
study [CFZ94,, it is very inefficient to sendlock escala-
tion messageom theclientto thesenerfor eachindivid-
ual objectin anobjectgroup. Sincepagesenerscanper
formlockingoperationstthegranularityof apagethey do
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notincurhighlock processingindlock escalatiormessage
overheads.In this paper we adaptthe page-basedACC
[OVU98] algorithmfor objectseners. The objectseners
usethe physicaldisk pageitself asthe granuleof locking
whendealingwith objectgroups.lt isimportantto notethat
thislocking arrangementtill giveseachclientthefreedom
to dynamicallyform objectgroupsfor datatransfer There-
fore, therecanbe situationswhenthe objectgroupsizeis
muchsmallerthanthe pagelevel unit of locking. If object
groupsareallowedto spanacrosanultiple pagesthenone
canincrementallylock only thosepageswvhoseobjectsare
accessedSinceour unit of locking is a page,evenif the
sizeof the objectgroupis smallerthana pageandthe page
doesnotexist attheclient,westill lock theentirepage.The
senerincludestheid of thelocking unit (page)alongwith
eachobjectthatit sendgo theclient. If thereareconflictsat
the pagelevel, thenthe clientsdynamicallyde-escalatéo
individual objectlevel locks. The clientsmaintainlocking
informationat bothindividual objectlevel andat the page
level. The sener primarily maintainslocking information
at the pagelevel, but it also maintainsinformation about
objectson pagesthat are accessedn a conflicting man-
ner by differentclients. Thus, the hybrid sener canlock
dataat both pageandobjectlevels. A detaileddescription
of AACC alongwith a performancestudy that compares
it with othercacheconsisteng algorithmscanbe foundin
[OvU9sg].

In this paperdueto spaceconstraintsyve only provide the
detailsof the datatransferandrecosery mechanism.

3.1 AdaptiveHybrid Data Transfer M echanism

The datatransfermechanisnthatis usedin our sener ar
chitectureis hybrid becausehe granularityof datathatis
sentfrom thesenerto theclientandsubsequentlyeturned
fromtheclientto thesenercanbeeitherpageor groupsof
objects.Clientsprovide hintsto the sener asto whetherto
senda pageor anobjectgroup. If theclientswantagroup
of objects,thenthey alsoprovide a hint aboutthe size of
the objectgroup. If the sener noticesthatits buffersare
contendedthenthe sener overridesclient hintsandsends
pagesto the clients. The sener also informs the client
whetherthesenerresourcegrecontendedAfter perform-
ing anupdatetheclient returnsa pageto the sener only if
alargeportionof the pagehasbeenupdatecandthe sener
is busy, otherwise the client returnsupdatedobjectsback
to the sener. We now discusgshe specificsof this mecha-
nismin detail.

Initial Client Request: A client's first requestis for an
object;it sendsanobjectid to the sener andrequestghe
correspondingpbject. It alsoinitializes the objectgroup
sizeto beequalto the pagesizeandsendghisto thesener
alongwith the objectid.

Request Processing at Server: In servicingthe request,
thesenerchecksf its disksandbuffersarecontendedthe
detailsaregivenbelow):

o If its disksandbuffersarecontendedsener is busy),
thenthe sener ignoresclient's objectgroupsize hint



and sendsbackthe pageon which the requestedb-
ject resides. In this case,the sener doesnot con-
siderwhetherthe clusteringis goodor bad. Return-
ing a pageduringperiodsof high contentiorhelpsthe
sener to reducethegroupforming overhead.

o If theseneris not busythenit checksthe client pro-
vided hint to seewhetherit shouldreturna pageor a
group of objectsbackto the client. If the client re-
guesteda page thenthe sener returnsthe pageto the
client. If the clientrequestsan objectgroup,thenthe
clientspecifiedhesizeof theobjectgroup. Thesener
partitionsthe pageinto n equal sized sub-sgments
whosesizeis equalto the sizeof the objectgroupre-
guesteddy theclient [LACt96]. Thesener thenre-
turnsto theclient sub-sgmentin whichtherequested
objectresides.The sener alsodeterminesvhetherit
is busy and piggybacksthis information along with
othermessages.

The sener determineghat its resourcesre contendedf
thediskutilization,andthepagebuffer missratio areabove
their respectre thresholdsptherwiset considerstself not
busy Pagebuffer missratio measurethenumberof sener
pagebuffer misses. We empirically determinedthe disk
utilization andthe sener pagebuffer missratiosto be0.80
and 0.60respectiely. Thesethresholdswvere determined
by runningmultiple experiments(not reportedin this pa-
per) with differentthresholdvalues. For disk utilization
valuesbetweerD.70and0.90,the overall systemthrough-
put did not changeappreciably Similarly, the sener page
buffer missratio valuesbetweerD.50and0.70,the overall
systemthroughputdid not changeappreciably Disk uti-
lization needsto be checkedbecauseif the disksare not
contendedthentheclientscanreturnobjectsandtheinstal-
lation readscanbe performedin the background.Hence,
returningobjectsto the sener will notbea problem.Sim-
ilarly, sener pagebuffer missratio is importantbecause
if no client readrequestsare presentat the sener, then,
onceagain,theinstallationreadswill notbeanissue.lt is
importantto notethat other heuristicsusing other system
parameter¢suchasCPUandnetworkutilization) arepos-
sibleandwe arenow exploring these.

Client Receives Object Group: If the client recevesan
objectgroupit registersthe objectsin the residentobject
table,andloadsthe objectsin the objectbuffer. The client
determinesvhetherthereis a goodmatchbetweerdataac-
cessand dataclusteringpatterns(i.e, whetherthe group
sizeis accurate).lt determinesaccurag by keepingtrack
of the numberof objectsusedin the previously receved
object groups[LACT96]. Therefore,if mary objectsin
thepreviously receved objectgroupshave beenusedthen
thereis a good matchbetweeraccessandclustering. The
objectgroupsizeis dynamicallyincreasedf the dataac-
cesspatternmatchesthe dataclusteringpattern,and de-
creaseatherwise In this papettheobjectgroupsizevaries
in incrementsof 5 objects,wherethe upperlimit of the
groupsizeis the numberof averageobjectsallowedon a
page,andthelowerlimit is theincrementizeitself. Each
client adjuststhe group size usingtwo parametersfetch
anduse Fetd is thenumberof objectsin the objectgroup
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receved by theclient,anduseis the numberof objectsthat
have beenusedfor thefirst time by theclient afterthey are
fetched.Whenanobjectgroupof sizeN arrives,the client
recalculatesheseparametewraluesusing exponentialfor-
getting[LAC*96]: fetch = fetdh/2+ N anduse= use/2+
1. Theclientdecreasetheobjectgroupsizeby 5 objectsif
use/fetbis lessthanthethresholdwhichis empiricallyde-
terminedto be0.3)andincreased by 5 objectsotherwise.
This thresholdof 0.3 wasdeterminedy runningmultiple
experiments.For thresholdvaluesbetweern).20and0.40,
the overall systemthroughputdoesnot changeapprecia-
bly. Moreover, if the client determineghatthe groupsize
is over 30 percenbf thepagesize,thenit switcheso page
requestmodefor subsequentquestfromthesenerin or-
derto reducethe objectgroupforming/breakuprosts. We
found that switching from objectto pagemodefor group
sizevaluesbetweer?5 percentand35 percentof the page
sizedid not changethe overall systemperformanceppre-
ciably.

Client Receives Page: If the client receves a pagethen
it registersthe pagein theresidentpagetable,andputsthe
pageinto its pagebuffer. The pagestaysin the client page
buffer aslong asthereis no client buffer contentionand
the pageis well clustered. Otherwise,the client flushes
the pageand retainsonly the objectsthat have beenal-
readyusedby moving themto the objectbuffer [KK94].
Onceagaintheclientdeterminesvhethethecurrentobject
groupsize(now equalto a page)is accuratén the manner
describedabore. The client switchesbackto requesting
objectsif the groupsizefalls belov 30 percentof the page
size.

Client Returning Updated Data: Whena clientperforms
anupdatejt canreturneitheranupdatedpbageor anobject.

If theseneris busy, thentheclientreturnsanupdatecage
if the pageis presenin the client buffer andmorethan10

percenbof the pagehasbeenupdatedfor a rangebetween
5 and 10 percent,the overall systemperformancealdid not

changeappreciably) Otherwisetheclient returnsupdated
objects.Theclientsdo notwantto returnsparselyupdated
pagesvhenthesener buffersarecontended.

Server Receiving Updated Data: After receving the up-
datedobjects/pagdrom the client, the sener loadsthem
into its modifiedbuffer, andthenflusheghemto diskin the
background.

3.2 Hybrid Server Recovery Algorithm

Sincethe hybrid sener canbehae aseithera pagesener
or an objectsener, its recorery mechanismmustbe flex-
ible to handleboth modesof operation. In this paperwe
describea recovery algorithmthat meetsthis requirement.
We shouldnotethatthealgorithmcanalsobeusedby pure
objectsenersbut thedetailsarenot presentedh this paper
Ouralgorithmis basebnthe ARIES-CSArecovery al-
gorithm [MN94], which we adaptfor hybrid seners. We
do not presenthe detailsof this algorithm,andinsteadre-
fer thereaderto [MN94]. Similarto ARIES-CSA,our re-
covery algorithmgenerate$og recordsattheclientswhich
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arestoredpersistentlyat the sener (logs arenot storedon

local client disks),andthe sener doesnot rely on clients
for its restartrecovery. The transactionrollback opera-
tions are performedat the clients. Our algorithm uses
the STEAL/NO-FORCEbuffer managemenpolicy atthe

sener. Clientsgeneratdog recordsby comparingthe pre-

updatecopy of the datawith the post-updatecopy of the

data. The log generatioroperationis performedat com-
mit time or whendataareflushedfrom the client buffers.

Clientscantakecheckpointsandthe sener cantakea co-

ordinatedcheckpointwhich contactsall of the clientsfor

theirdirty pagetableandtransactioriableinformation. The

sener andclient failure recorery operationsusethe stan-
dardARIES 3-passapproach.

3.21 Hybrid Server Recovery Issues

The following recovery issueshave to be addresseavhen
ARIES-CSA recovery algorithm is extendedto hybrid
seners:

Absence of pages at the client: The log recordsgener
atedattheclient,theclientdirty pagetable,andthe stateof
a pagewith respecto thelog (PageLSN)all requirepage
level information.Eachgeneratedbg recordcontainsalog
sequencaeumber(LSN). TheLSNsaregenerateéndhan-
dledin thesamemanneiasin ARIES-CSA .Eachpagecon-
tainsa PageLSN,which indicateswhetherthe impactof a
log recordhasbeencapturednthepage.In hybridseners,
objectscanexist atthe clientswithout their corresponding
pagesHence the pagelevel informationmight not always
be availableat the clients. The hybrid sener passego the
clientthe PageL SNandthe pageid informationalongwith
every object. After theclientrecevesa groupof objectsjn
additionto creatingresidenbobjecttable(ROT) entries the
clientalsocreategheresidentpagetable (RPT)entry, For
eachreceved object,the client storesthe PageLSNin the
correspondingageentryin theRPT Thisallowstheclient
to generatd SNsfor the log recordscorrespondingdo the
page andalsoRecLSNvaluesfor thepagein thedirty page
table. RecLSNrefersto the log recordof the earliestup-
dateon the pagethatis not presenton disk. Thus, even
thoughthe clients might have only objectsand not their
correspondingpagesin their cachesthe clientsstill keep
track of the necessaryecovery informationfor the objects
atpagelevel.

Presence of updated objects at the server: The updated
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objectsreturnedby the clients are storedin the sener
MOB. The pagescorrespondingo the updatedobjects
might not be residingin the sener pagebuffer. Therefore,
it is necessaryo keeptrackof the stateof the updatedob-
jectsin the MOB with respecto the log records.Thatis,
if aclient fails andthe sener is doing restartprocessing,
thenthesener needgo know thestateof the objectsin the
MOB in orderto correctlyperformtheredooperationsin
pageseners,thedirty pagetableatthesenerhelpsto keep
track of the pagesin the sener buffer. Consequentlyin
additionto thedirty pagetable,we introducethe notion of
adirty objecttable (DOT) atthe sener. Each(DOT) entry
containgheL SN of boththeearliestandthelatest(because
objectsdo not containPagelL SNfield) log recordsthatcor
respondo anupdateon the correspondingbject.

Fine-Granularity Locking: In hybrid seners, different
objectsbelongingto a pagecanbe simultaneouslypdated
at differentclient sites. In centralizedsystemsthe LSNs

are generatectentrally so the combinationof PageLSN
andthe LSN of thelog recordis enoughto assessvhether
the pagecontainsthe updaterepresentedby a log record.
In client-serer systemssincethe clientsgeneratehe log

recordLSNs, two clients cangenerateghe sameL SN for

log recordspertainingto a page. Therefore the PageLSN
alonecannotcorrectlyindicatewhetherthe pagecontains
the updaterepresentetby a particularlog record. Two of

the previous pagesener recovery solutionsdo not allow

the simultaneousipdateof a pageat multiple client sites
[FZT+92,MN94]. A morerecentproposa[PBJR94 per

mits this andrequireshe senerto write areplacemeniog

recordto the log disk beforean updatedpageis written

to datadisk. For every clientthathasperformedanupdate
sincethelasttime thepagewaswrittento disk, thereplace-
mentlog recordcontainsdetails(client ID andclient spe-
cific PageLSN)abouttheclient'supdateto the page.Thus,
thereplacemeniog recordhelpsto overcometheproblems
encounterediue to the generationof the samePagelL SN
valueat multiple clients. In our hybrid sener solution,we

alsousethenotion of replacemenlog records.

Returning pages or logs to the server: In the hybrid
sener architectureglientsreturneitherbothpagesandlog
recordsor only log records(redo-at-serer recosery). In
thelatter, thelog recordshave to beinstalledon their cor
respondinchomepageswvhereasARIES-CSAavoids this.
Therefore,eachlog recordis classifiedat the client asa



redo-at-sergr (RDS) log record or a non-redo-at-seer
(NRDS) log record. At the sener, the RDS log recordis
storedbothin the sener log buffer andalsoin the MOB,

whereasthe NRDS log recordis only storedin the sener
log buffer. As pertheadaptie datatransferalgorithm(Sec-
tion 3.1),if theclientdecidedo returna pageto thesener,

thenit generates NRDS log record, elseit generatea
RDS log record. When the client returnsan NRDS log

recordto thesener, it ensureshatthe correspondingage
is alsoreturnedo thesener. Theclientdoesnotreturnthe
correspondingpagewhenit sendsa RDSlog recordto the
sener.

4 Experiment Setup

We compareour hybrid sener (HybSrv) architecturewith
asoftware-basepagesener (PageSoft) a hardware-based
pagesener (PageHard),and an object sener (ObjSrv).
Thesoftware-basepagesenerfallsunderthePage-Object
sener classificationof Figure 1 andis similar to SHORE
[CDF*94]. Thehardware-basegagesenerfalls underthe
Page-Rge sener classification,andis similar to Object-
Store[LLOW91] andBeSS[BP9§ in thatit sendspages
in bothdirectionsduring client-sererinteraction.The ob-
jectsener architecturdalls underthe Object-Objecsener
classificationandis similar to Versant[VVer98] and Thor
[LACt96]. The existing hardwarepage sener systems
[BP95 LLOW91] employpagelevel datatransfey concur
reng/ controlandbuffer managementAs a representadie
of thesesystem$PageHardlsoadheredo thesepagelevel
restrictions,and theseare the key distinguishingfeatures
betweenPageHardand the other architectures.The data
transfermechanisnirom the sener to the clientis the key
distinguishingfactor betweenPageSoftand ObjSrv. The
ability to sendpagesr objectsfromthesenerto theclient,
andto returnpagesor objectsfrom the client arethe key
distinguishingactorsbetweerHybSrvandtheotherarchi-
tectureqPageSoft,ObjSrvandPageHard).It is important
to notethatwe areonly conductinga performancestudyon
the client-serer relatedissues. The overall performance
of a systemis alsoaffectedby otherissuessuchasquery
processinggueryoptimization,jndexing andotherswhich
arenot consideredn this paper We have tried to incorpo-
ratethe latestadvancedn cacheconsisteny, pointerswiz-
zling, buffer managemerdndrecovery stratgiesinto all of
the systemsindercomparisonn this study(referto Figure
3), ensuringhatthey all benefitfrom the sameadwantages.
Therefore the systemaundercomparisorin this paperare
similarbut notthesameastheircommercial/researaoun-
terparts.

4.1 Basic System Model

The baselinesetupof this performancestudyis similar to
the previous client-serer performancestudies] DFMV90,
CFZ94,WD94,LAC* 96, AGLM95, OVU98], whichwere
usefulin validating our results. As in the previous per
formancestudies,the input work comesto the clientsas
a streamof objectand pageidentifiersfrom a workload
generator;it comesto the sener from the clientsvia the
network. The numberof clientswaschoserto ensurethat
the sener and client resourcesind the networkresources
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do not becomea bottleneckwhich would preventusfrom
gaininginsightsinto the differentalgorithmsandarchitec-
tures.Disksaremodelechtthesenerandnotattheclients.
The seneris responsibldor managingdataandlog disks.
A buffer managera lock managerand a recosery man-
agerhave beenmodeledat boththe clientsandthe sener.
The databuffers usethe secondchance(LRU-like) buffer
replacemenalgorithm, and the log buffers and modified
objectbuffersusethe FIFO buffer replacemenpolicy. The
sener buffer spacds partitionedequallybetweerthe page
buffer andthe MOB. We configuredthe client dual buffer
in amannersimilarto theinitial dualbuffer study[KK94]
wherethe buffer is configuredas bestas possible,given
the applications profile and the total size of the client's
buffer. However, in future we planto usea dynamically
configurabledual buffer [CALM87]. The client andthe
sener CPUshave a high priority anda low priority input
gueuefor managingsystemanduserrequestsespectrely
[CFZ94. EachdiskhasasingleFIFOinputqueue We use
afastdisk I/O ratefor installationl/O (becausehe /O for
thedatain the MOB is intelligently scheduledanda slow
disk I/O ratefor normal userreadoperations. The LAN
network model consistsof FIFO sener (separategueues
for the sener to clients and clientsto sener interaction)
with the specifiedbandwidth.In orderto preventnetwork
saturation,we ran our experimentsassuminga 80Mbps
switchednetwork. The networkcostconsistsof fixed and
variabletransmissiorcostsalong with the wire propaga-
tion cost. Every messagéasa separatdixed sendingand
receving costassociatedvith it; the size of the message
determineghevariablecostcomponenbf themessage.

Value

50 MIPS
100 MIPS

Cost Type
Client CPU Speed

Description

Instr rate of client CPU
Instr rate of server CPU

Server CPU Speed
ClientBuffSize
ClientLogBuffSize
ServerBuffSize
ServerDisks
FetchDiskTime
InstDiskAccessTime
FixNetworkCost
VariableNetwork Cosf
Network Bandwidth
DiskSetupCost
CacheLookup/Lockin:
Register/Unregister
Page Pointer Handlin
DeadlockDetection
CopyMergelnstr
Pointer Handling
Database Size
PageSize

Object Size
GroupFormCost
NumberClients
Indirection Cost

Per-Client buffer Size
Per-Client Log buffer

Server Buffer Size

Disks at server

General disk access time

MOB disk I/O time

Fixed number of instr. per msg
Instr. per msg byte

Network Bandwidth

CPU cost for performing disk 1/Q
Lookup time for objects/page
Instr. to register/unregister a co|

jPointer Handling Cost Per Page|

Deadlock detection cost

Instr. to merge two copies of a
Pointer handling Cost Per Obje
Size of the Database

Size of a page

Size of an object

Group FormingCost per Object
Client Workstations

Ptr indirection Cost per Access

12% DB Size
2.5% DB Size
50% DB Size
4 disks
1600microsecs/Kh
1000microsecs/Kh
6000 cycles
4 cycles/byte
80Mbps
5000 cycles
300 cycles
y 300 cycles
40000 cycles
300 cycles
a@d0cycles/object
it 1000 cycles/object
2400 pages
4K

100 bytes
100 cycles
12

15 cycles

Figure4: SystemParameters

@

Figure 4 lists the costsof the differentoperationghat

are consideredn this performancestudy which are sim-
ilar to the onesusedin previous performancestudies
[CFZ94 AGLM95]. The pointerhandlingcostsrepresent
the overheadassociatedavith handlingthe memorypoint-
ersstoredon disk. We assumehat the disks containthe
swizzledmemorypointers. Thesecostsare similar to the
onesusedn thehardwarepointerswizzlingstudy[WD95].
The schemesisingthe hybrid swizzling approachassume
thatthe indirectionstructureis well clusteredwith respect
to the objectsaccessedly eachclientin its privateregion.



Sincethis indirectionstructureis not presentin the hard-
wareswizzling approachwe compensaté by allocating
10 percentmore client buffer space. The group forming

costconsistof thecostof creatingthe objectgroupheader
the costof copyingthe objectsfrom the page,andthe cost
of determiningthe objectslock group. The groupbreakup
costconsistsof the costof registeringeachobjectin the
groupinto the ROT. Theregistrationcostalsoincludesthe
costof loadingobjectsinto the client objectbuffer. We en-
suredthatthetypeandsizeof the objectidentifiersandthe
objectrepresentatiomechanismis the sameacrossall of

thearchitectures.

4.2 Workload Model

The multi-user OO7 benchmarkhas been developedto
studythe performanceof object DBMSs[CDN93]. How-
ever, thisbenchmarlks inadequatéor client-sernerconcur
reng/ controlanddatatransferstudies.Multi-userOO7is
underspecifiedor client-sererconcurreng control/cache
consisteng studies becausét doesnot containdatashar
ing patternsaandtransactiorsizes.lt is alsounderspecified
for adatatransferstudy becausé doesnotcontaintheno-
tion of dataclustering. Therefore we borroved datashar
ing notions from the previous concurreng control stud-
ies [CFZ94, AGLM95], and the data clusteringnotions
from the initial data transferstudy (ACOB benchmark)
[DFMV90]. We obtainedthe transactionsize and length
characteristic§rom the marketsuneys performedby the
commercialODBMS vendors[Obj98]. The key findings
of their sunwey is that the majority of the applicationdo-
mains using ODBMSs use short (in terms of time) and
small (numberof objectsaccessedyansactionsvith mul-
tiple readersand few updatersoperatingon eachobject.
Moreover, mostof theseapplicationsisesmallobjects.We
have ensuredhatour baseworkloadssatisfythesetransac-
tion characteristics.

In our workloadeachclient hasits own hotregion (hot-
nessndicatesaffinity) andthereis ashareccommornregion
betweerall theclients.Eachregionis composeaf anum-
ber of baseassemblyobjects. Eachbaseassemblyobject
is connectedo 10 complex objects. Eachcomplex object
consistf 4 atomicobjects.A transactiorconsistof a se-
ries of traversaloperations.Eachtraversaloperationcon-
sistsof accessing baseassemblyandall of the comple
objects(alongwith their atomicobjects)connectedo that
baseassemblyobject. The clusteringfactorindicateshow
closelythe dataaccesgatternmatchegshe dataplacement
on the disk. It is desirableto have good clustering(high
clusteringfactor) becauset allows oneto easily prefetch
usefuldataandthusreducethe disk I/O andnetworkover-
head. We usea similar notion of clusteringaswasused
in the initial pagesener/objectsener datatransferstudy
[DFMV90]. When creatingthe databasethe clustering
factordetermineghelocationof the complex objectscon-
nectedo abaseassemblybject.For eachcomplex object,
arandomnumbemetweerD and99is generatedandif the
randomnumberis smallerthanthe clusteringfactor, the
comple objectis placedon the samepageasits siblings.
Otherwisethecomplex objectis placedonadifferentpage.

In this studywe examine Private and Sh-Hotcolddata

sharing patterns[CFZ94, AGLM95]. Thesetwo shar
ing patternsare the mostcommonin ODBMS workloads
[CFZ94. Thereis no datacontentionin the Private work-
load, but one encountergead-writeand write-write con-
flicts in the Sh-Hotcoldworkload. In the Private work-
load 80 percentof the traversaloperationsn atransaction
areperformedon the client's hot region and 20 percentof
thetraversaloperationareperformednthesharedegion.
Moreover, the clientsonly updatethe datain their hot re-
gions.In theSh-Hotcoldvorkload,80 percenof thetraver
saloperationsn atransactiorareperformedon theclient's
hot region, 10 percentof the traversaloperationsare per
formedon the sharedregion, and 10 percentof the traver
saloperationsreperformedntherestof thedatabaséin-
cluding otherclients' hot regions). The clientscanupdate
objectsin all of theregions. Uponaccessingnobject,the
objectwrite probabilitydeterminesvhetherthe objectwill
beupdatedThereis aCPUinstructioncostassociatedith
thereadandwrite operationsThetransactionthink timeis
thedelaybetweerthe startof two consecutie transactions
atthe clients. Figure5 describegsheworkloadparameters
usedin this study

Parameter Setting

Transaction size Private 800 objects
Transaction size Sh-HotCold 200 objects
Clustering Factor 10 to 90 %

Per Client Region 50 pages
Shared Region 50 pages
Object write probability 2% to 30 %
Read access think cost 50 cycles/byte
Write access think cost 100 cycles/byte
Think time between trans | 0

Figure5: WorkloadParameters

5 Resultsof Experiments

In this sectionwe reportthe performancecomparisonof

the adaptive hybrid sener architecturgHybSrv) with the

hardwarepagesener architectur¢PageHard)thesoftware
pagesenerarchitectur¢PageSoftiandtheobjectsenerar

chitecturgObjSrv). All of theexperimentausethecostand
workloadsettingsasdescribedn Figures4 and5. In cases
wherethe defaultvalueshave beenchangedit is explic-

itly specified.Theaverageresponsdime for asingleclient
in secondgfor 50 transactiorinterval) is the primary per

formancemetric. Datasharingpatterns,sener andclient
buffer sizes dataclusteringaccurayg, andwrite probability
arethekey parametershatarevaried.

5.1 LargeClient and Large Server Buffers

In this setup,(which we call Large/Lage) both the client
andthe sener have large buffers. In a large client buffer
the entire working setof the client (all of the objectsac-
cessedyy a particularclient) fits in the client's cache. A
large sener buffer meanghat a large portion of the work-
ing setsof all the clientsfit into the sener buffer result-
ing in low disk utilization uponreachingsteadystate.Due
to theseconditions, buffer managements not the per
formancedifferentiatingfactor betweerdifferentarchitec-
tures. The client buffer is 12 percentof the databaseize
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Figure6: ExperimeniResults

andthesener buffer is 50 percenof the databassizeand
we ran the experimentwith 50 percentclustering. In the
privateworkloadthereis no datacontentiorand,therefore,
concurreng control/cacheconsisteng is not anissue. As
seenin Figure6(a),the performancef all of the architec-
turesis quite similar. Our hybrid pointerswizzlingmech-
anismhasallowed ObjSry PageSoftand HybSrv to suc-
cessfullycompetewith PageHardn this workload. Since
all the architecturesstore memory pointerson the disk,
pointer swizzling is not anissue. PageSoft,HybSrv and
ObjSrv outperformPageHardby a very small magin be-
causedhey returnupdatedbjectsinsteadof updatedbages
(like PageHardandthusincurlower networkoverheadlIn
the Large/Lage buffer case the sener buffer is not heas-
ily contendedtherefore the installationreadoverheadis
minimizedfor thearchitectureshatreturnupdatedbijects.
For the Large/Lage buffer configuration,we alsoran the
Sh-HotColdworkload with the clusteringfactor fixed at
30 percent(Figure 6(b)). The softwarepagehandlingar
chitectureutperformPageHardpecausghey areableto
lock dataat a finer granularitythan PageHard. The hard-
warepagehandlingmechanismsely onthe operatingsys-
temprovidedpageprotectiormechanismio lock dataonly
at pagelevel. For this experimentwe don't presentthe
resultsfor higher clusteringpercentageshut we noticed
that the performanceof PageHardimproved as the clus-
tering becamebetterbecauséiigherpagelocality leadsto
fewer pageaccesseandthuslesscontentiorfor PageHard.
As evident from Figure 6(b), ObjSrv and HybSrv (when
it is operatingasan objectsener) areableto successfully
competewith PageSoftor the Sh-HotColdworkload. This
shavsthatAACC cacheconsisteng algorithm,whichwas
originally designedfor pageseners, canbe successfully
extendedto objectseners.
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5.2 Small Client and Large Server Buffers

In this systemconfiguration(referredto as Small/Lage)
the client's working setdoesnot fit into its cache.Thisis
possibleif the size of the working setis very large or if
the client buffer is sharedby multiple applications. The
client buffer is 1.5 percentof the databasesize and the
sener buffer is still 50 percentof the databasesize. We
ran the private workload with 10 percentwrite probabil-
ity. We variedthe clusteringfactorto seethe relationship
betweerclusteringandclient buffer size. As shawvn in Fig-
ure 6(c), PageHardperformsworstduring low clustering,
becauséat managedhe client cachestrictly at pagelevel.
Thereforetheclientsin PageHardcontinueto cachebadly
clusteredpageswhich, in turn, leadsto low client buffer
utilization. However, the clientsin ObjSry HybSrv and
PageSofionly retainusefulobjectsin their cache.Thelow
buffer utilizationin PageHardeadsto a highernumberof
cachemissesandthis,in turn, degradedPageHards perfor
mance.Thesecondmportantresultis thatHybSrvandOb-
jSrv performbetterthanPageSoftduring bad (10 percent)
clustering.EventhoughHybSrvandObjSrvincur ahigher
numberof client cachemissesthey outperformPageSoft
becausat transfershadly clusteredpagesfrom the sener
to theclientandthus,incurshighernetworkoverhead The
third importantresultis thatHybSrvandPageSoftoutper
form ODbjSrv for 30 to 50 percentclusteringbecausdan
thesearchitecturesvhena client cachesa pageit is ableto
getmorecachehits duringsubsequerdccessew different
regions of the page,whereaghe objectsener (dueto its
groupingalgorithm) hasto makemultiple requestgo the
sener to getthe differentportionsof the page. However,
if overtime, the client repeatedlyaccessesnly a particu-
lar region of the page,thenthe objectsener architecture
is more competitve due to the better performanceof its
groupingalgorithm. The adaptve natureof HybSrvallows



it to behae asa pagesener whenthe clusteringis good

amdlike anobjectsenerwhentheclusteringis badandthis

allows it to be morerobust (performance-wisethanpage
andobjectseners. We alsoranthis experimentwith slow

(8Mbps)andfast (140Mbps)network speeddor a single
client. As evidentin Figure6(d), thearchitectureshatsend
pagedsrom the clientto the sener suffer even morein the

presencef slow networks.This resultis importantfor the

popularlow bandwidthwirelesservironments.For the 140

Mbps,we alsoreducedhe softwareoverheadreducedhe

variableandfixed networkoverheady 50 percent)associ-
atedwith sendingandreceving a messageWe foundthat
asthenetworkspeeds increase@ndthesoftwareoverhead
is reducedthe systemghatsendbadlyclusterecpagesare
ableto closethe performanceap.

5.3 LargeClient and Small Server Buffers

In Large/Smallconfigurationthe sener buffer is smalland
cannothold the working setsof the active clients (con-

tendedsener buffer) but the client buffer is large and it

canhold thelocal working set. It would have beenprefer

ableto modelthe small sener buffer caseby keepingthe

sener buffer sizeconstanandby increasinghe numberof

clients. However, the memoryconstraintof our simulator
did not allow for this type of modeling. Therefore by re-

ducingthe sener buffer size,we aretrying to capturethe

essencef theimpactof mary clientson the sener buffer.

We settheclientbuffer at 12.5percentof thedatabassize
andthe sener buffer at 3 percentof the databasaize. We

ranthe Large/Smallexperimentsfor the Privateworkload
configuration. We found that with a write probability of

20 percent,PageHardis beatenby all of the otherarchi-
tecturesbecausePageHardis returning sparselyupdated
pagedo asenerwhosebuffer is highly contendedThere-
fore,thesenerconsumesaluablebuffer spacenuchmore
quickly (lower sener buffer absorptionjn PageHardthan
the schemeghat arereturningupdatedobjects. However,

aswe increasehe write probability to 30 percent(Figure
6(e)),PageHardandHybSrvareableto beatPageSofiand
ObjSrv becauseéPageSoftand ObjSrv return updatedob-

jectsandtheinstallationreadoverheadn PageSofandOb-

jSrv offsetsthegainsdueto betterMOB buffer utilization.

SinceHybSrvdynamicallydecidesatthe clientwhetherto

return updatedpagesor objects,its performancds more
robustthanthe otheralgorithms.

5.4 Small Client and Small Server Buffers

In Small/Smallconfigurationthesener bufferis smalland
cannothold the working setsof the active clientsandthe
client buffer is smallandit cannothold the working setof
that particularclient. We setthe client buffer at 1.5 per
centof the databasaeize andthe sener buffer at 3 percent
of the databaseize. We ran this experimentwith 30 per
centwrite probability for Privateworkloadto seewhether
a small client buffer hasary impact on the resultspre-
sentedin the Large/Smallbuffer case. Figure 6(e) shavs
that HybSry PageSoftand ObjSrv outperformPageHard
during low clusteringbecausd’ageHardhaslower client
buffer utilization than the other architectures.Moreover,
HybSrvand PageSoftoutperformObjSrv becauseObjSrv

incursahighernumberof clientbuffer misseslueto theob-

ject groupingalgorithm,andin the Small/Smallcase(un-

like the Small/Lage case)a missin the client buffer also
leadsto a missin the sener buffer. Since,HybSrvsends
pagedo the clientswhenthe sener is busy it hassimilar

clientbuffer hit rateasPageSoft. As theclusteringpercent-
ageincreasesPageHardandHybSrvoutperformPageSoft
andObjSry, becaus®ageHardandHybSrvreturnupdated
pagego thesener, and,thus,incurfewerinstallationreads.
HybSrv returnspagessinceit takesinto accountthat the

sener is busyanda large portionof the pagehasbeenup-

dated.

6 Discussion

The integrated performancestudy has provided us with
mary interestingnsightsinto ODBMS client-senrerarchi-
tectures A previousclient-sererrecovery studyhasshavn
thatinstallationreadscanbecomea problem[WD95] for
the redo-at-serer recorery mechanisms. However, the
combinedstudyof recorery andsener buffer management
mechanismhasshavn thatthe presenceof a MOB at the
sener preventsthedegradationof theredo-at-sergrrecor-
ery mechanisnduringmedium-to-lav sener contention.

Previously [0S94, it wasthoughtthatit is betterto re-
turn an updatedpageto the sener if the pageis present
at the client. However, we have found thatif the sener
buffer is highly contendedandthe pagehasbeensparsely
updatedthenit is betterto returnupdatedbjectsbecause
this increasegshe MOB buffer absorption. Another pre-
vious study[Ghe95] hasshawn thatis desirableto return
updatedpagesto the sener if a large portion of the page
hasbeenaccessethighclusteringlandupdatedhighwrite
probability). Our resultsagreewith this study andwe have
alsofoundthatin additionto clusteringandwrite probabil-
ity, the sener buffer contentionlevel is alsoa key compo-
nentwhichdictatesvhetheiit is desirableo returnupdated
pagesor objects.

Until now, hardwarepointer swizzling systemsstored
memory pointers on disk to attain good performance
[WD94, LLOWO91]. However, sincethe hardwarepointer
swizzling systemausethe operatingsystemprovided page
handlingmechanismthey employpagelevel locking, data
transferand buffer managemeninechanismgLLOW?91,
WD94]. Thecombinedstudyof datatransfey pointerswiz-
zling andclient buffer managemerttasshavn thatmanag-
ing clientbuffersat strictly pagelevel andalwaysreturning
updatedpageshackwhenthe sener is busy hasa neggative
impacton the performancef hardwarepagehandlingar
chitectures.

Initially, ODBMSswereprimarily usedby applications,
suchas computeraided design,which consistedof large
transactionswith little or no datacontention. However,
mary of emeging applicationdomainssuch as network
managementfinancial trading and product information
managementvhich use ODBMSs use small transactions
with read/writelocking conflicts[Obj98]. Thereforehard-
warepagehandlingarchitecturethatlock dataatonly page
level areincreasinglylesssuitable.

Mary techniqueswe have developedfor the hybrid
sener architecturecan be appliedto other architectures
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(to objectsenersin particular). Lack of an efficient, low
abortingcacheconsisteng algorithm,andthe absencef
a Steal/No-rce recavery algorithm were consideredo
be two major dravbacksof objectseners. Our adapta-
tion of AACC algorithmfor hybrid sener eliminatesone
of the problems.The key insightbehindthis adaptatioris
that even thoughthe clientsin the objectsener architec-
ture strictly manipulateobjects,andpagesdo not exist in
the client cache the clientscanstill lock the pagescorre-
spondingto the objects. Therefore we are essentiallyde-
couplingthe datatransferandconcurreng control mech-
anismfor objectseners. Previously, this flexibility was
only provided to the pageseners [CFZ94]. Our adapta-
tion of ARIES-CSApagesener recorery to hybrid seners
providesa STEAL/NO-FORCErecovery algorithmwhich
canalsobe usedby objectseners. The clientsin the ob-
jectsener architecturemaintainpagelevel recovery infor-
mationfor the objectsin the clientcache.This, in turn, al-
lowstheobjectsenersto useall of thepagesenerrecorery
techniquesThus,objectsenersarenow quite competitive
with the pagesener architectureandtheseadaptationgan
be pursuedy the existing objectsener architectures.

7 Conclusion

In this paperwe presentech new adaptve hybrid sener
architecturewith more robust performancethan pageor
objectsenersacrossa spectrumof systemconfigurations
and workloads. Our hybrid sener usesa new adaptie

datatransfermechanismn which the clients and sener
passvaluableinformation to eachother to dynamically

adaptbetweensendingpagesor objects betweenthem-
sehes. The paperdescribesjn detail, the key points of
this adaptve datatransfermechanism.An adaptve data
transfermethodhasanimpacton datatransfey cachecon-
sisteng/concurreng control,recovery, andbuffer manage-
mentmechanismsEachof thesesystemcomponentsieed
to be ableto supportboth pageandobjectsener architec-
tureswhile continuingto operatein anintegratedmanner
Dueto the absenceof efficient cacheconsisteng andre-
covery algorithmsfor objectseners,we have adaptedhe
leadingpagesener cacheconsisteng [OVU98] andrecor-
ery [MN94] algorithmsfor objectseners. Theseadapta-
tionsareimportantin theirown right sincethey canbeused
by existing objectsever architecturesWe have alsoshavn
thatit is possiblefor architecturedo both store swizzled
memorypointerson disk while maintainingthe flexibility
to manipulatedataatthe clientsat objectlevel. In addition
to characterizinghebehaior of thehybrid senerproposal,
the performancestudyandits resultsthatarereportedare
importantfor a numberof reasons.First of all, this study
improves our understandingf the client-serer architec-
tures,in particulay it shawvs that with our new recavery,
pointerswizzlingandcacheconsisteng adaptationspbject
senerscancompetesuccessfullywith pageseners. Thus,
the belief that object senersare not scalableis no longer
valid. Finally, we are now investigatingalternatve adap-
tive datatransferheuristicswhich takevarying objectsize,
pagesize,CPUandnetworkcontentionsnto account.
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