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Abstract. Thispapemreportsthedesignandimplementatiorof Platypusatrans-
actionalobjectstore.The twin goalsof flexibility andperformancelominatethe
designof Platypus.The designincludes:supportfor SMP concurreng; stand-
alone,client-serer andclient-peerdistribution configurationsgonfigurabldog-
ging andrecovery; andobjectmanagemenwhich canaccommodatgarbagecol-
lectionandclusteringmechanismsThefirstimplementatiorof Platypusncorpo-
ratesanumberof innovations.(1) A new recovery algorithmderivedfrom ARIES
thatremovestheneedfor log sequencaeumberdo bepresentn storepages(2) A
zero-coy memory-mappeduffer managewmwith controlledwrite-backbehaior.
(3) A datastructurefor highly concurrentmapquerying.We presenperformance
resultscomparingPlatypuswith SSM, the storagelayer of the SHORE object
store.For bothmediumandsmall OO7workloadsPlatypusoutperformsSHORE
acrossawide rangeof benchmarloperationsn both‘hot’ and‘cold’ settings.

1 Introduction

This paperdescribeshe designandimplementatiorof an objectstorewith a flexible
architecturegoodperformanceharacteristicsanda numberof interestingmplemen-
tationfeaturessuchasanew recoveryalgorithm,anefficientzero-coyy buffer manager
andscalabledatastructuresFurthermorethis work represents steptowardsour goal
of both meetingthe demandof databaseystemsand efficiently supportingorthogo-
nally persistentun-timesystems.

Thekey to orthogonalpersistencéies in the power of abstactionover persistence
thevalueof whichis beingrecognizedy awiderandwider audienceThepotentialfor
orthogonalpersistencén mainstreandatamanagemenappeargo be massve andyet
largely unrealized As appealingasorthogonalpersistencas, it mustbe applicableto
thehard-edgediatamanagemenrdgrvironmentin whichthemainstreanoperatedefore
it will seeuptale in thatworld. Traditionally, objectstoresfor orthogonallypersistent
language$ave not stronglytargetecdthis domain,sostrongtransactionasemanticand
goodtransactionthroughputhave not normally beengoalsor featuresof suchstores.



Onthe otherhand,relational,objectrelational,andobjectorienteddatabasebave not
focusedstronglyonthedemand®f atightly coupledanguagelientandsotendto pro-
vide aparticularlyinefficientfoundationfor orthogonallypersistensystemsOneresult
is alack of systemghatcaneffectively bridgethatgap.We have developedPlatypusn
anattemptto addresshatgap.

The backdropto the designof Platypusis the transactionalobjectcadche architec-
turewhich stronglyseparatestorageandlanguageconcerngBlackburn 1998].Central
to the architecturds the conceptof both storeandruntime sharingdirectaccesdo an
objectcache whereaccesss moderatedby a protocol manifestin a transactionain-
terface.This architectureprovidesa layer of abstractiorover storagewhile removing
impedancéetweerthe storeandthelanguageuntimeimplementations.
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Fig. 1. The transactionabbjectcachetightly couplesthe storeandruntime/applicatiorthrough
directaccesdo a cachewhile abstractingver the storearchitecture.

A focusonabstractiornis reflectedn thedesignof Platypuswhich hastheflexibility
to supporta rangeof storagelayer topologies(suchas stand-aloneclient-sener, and
client-peer).The designalso includesreplaceablenodularcomponentssuchas the
objectmanagerwhich is responsibldor providing a mappingbetweerthe underlying
bytestore! andthe objectstore projectedto the client. This flexibility is critical to the
utility of Platypusasit providesa singlesolid framework for prototypingandanalyzing
mostaspect®f storedesign.

The focuson minimizing store/runtimémpedanceémpactsstrongly on the imple-
mentationof Platypusandled directly to the developmentof a zero-copy buffer cache
implementation.The zero-copy buffer cachepresentsa numberof technicalhurdles,
notablywith respecto therecovery algorithmandcontrolling pagewrite-back.

1 We usethe termbytestore to describeuntyped unstructurediata.



The constructiorof aflexible, robust,high performanceéransactionastoreis ama-
jor undertakingandin our experienceis onefilled with problemsandpuzzles.n this
papermwve touchon justafew aspect®f the constructiorof PlatypusWe addresshear
chitectureof the systembecausave believe thatit embodieglecisionghatwerekey to
delivering both flexibility andperformanceWe alsoaddressomemajor performance
issuegthat arosein the courseof implementationaswe believe that the solutionswe
have developedarenovel andarelikely to find applicationin othersystemsFor other
detailsof the constructiorof Platypuswhich arenot novel, suchastheintricatework-
ingsof the ARIES [Mohan1999;Mohanetal. 1992]recovery algorithmandthechoice
of buffer cacheeviction policies,the readeris referredto the substantialiteratureon
databasandstoredesignandimplementation.

In section2 Platypuss relatedto existingwork. Section3 describeshearchitecture
of Platypus.Sections4 and5 focuson implementatiorissuesfirst with respecto the
realizationof an efficient zero-copy buffer managerandthentechniqueshat greatly
enhancehescalabilityof Platypus Section6 presentandanalyzeperformanceesults
for Platypusand SHORE using both the OO7 benchmarl{Carey et al. 1993] and a
simplesyntheticworkload.Section7 concludes.

2 Redated Work

This paperis written in the context of alargenumberof objectstoredesignandimple-
mentatiorpapersn the POSworkshopseriesandavastnumberof databasandOODB
designandimplementatiorpapersn the broaderatabaséiterature.

Architecture A numberof papershave reportedon the designof objectstoresargeted
specifically at orthogonallypersistentprogramminglanguagesBrown and Morrison
[1992] describea layeredarchitecturehat was usedasthe basisof a numberof per
sistentprogrammingdanguagesincluding Napierand Galileo. Centralto the architec-
tureis anabstracstableheap(alsoa featureof the TycoonarchitecturgMattheset al.
1996]). This modeloffereda cleanabstractiorover persistencin thestorearchitecture,
andthe architecturesvere sufficiently generalto admit a wide rangeof concurreng
control policies.However the stableheapinterfaceis fine grainedbothtemporallyand
spatially(read word, write_word, etc.)andsoincurssubstantiallynoretraversalsof the
interfacethanatransactionabbjectcachewhichis coarsegrainedspatially(perobject
c.f. perword) andtemporally(pertransactiorc.f. peraccess).

Of the mary storearchitecturesn the literaturethatdo not directly targetorthogo-
nal persistencemnostaddresspecificoptimizationsandimprovementswith respecto
OODBdesign.TheTHOR architecturdrom MIT [Liskov etal. 1999]hasbeenthecon-
text for OODB researchn theareaf buffer managementecovery algorithms,cache
cohereng andgarbagecollection. Otherprojectshave supporteda similar breadthof
work in the context of an OODB architecture The systemthat comesclosestto the
architecturaboalsof Platypuss SHORE[Carey etal. 1994],a successoro EXODUS
and E [Carey et al. 1988], which setout to be flexible (with respectto distribution,
for example),focussedon performanceand supporteda persistenprogrammingan-



guage . SHORE:s publicly availableand hasbeenusedasthe point of comparisorin
our performancenalysisof Platypus(section6).

By contrastto the systemsbuilt on the stableheap[Brown and Morrison 1992;
Mattheset al. 1996], Platypusis built aroundthe transactionabbject cacheabstrac-
tion [Blackburn and Stanton1998], which allows direct accesgo a cachesharedby
storageandlanguageuntimelayers(althoughit limits thelanguage-sidelientto trans-
actional concurreng control). Platypusis thus closerto orthodoxOODBsthan such
systemsOnenotabledistinctionis thatwhile many OODBMSs focuson scalability of
client-senrer (andin the caseof SHORE client-peer)architecturePlatypuss approach
to scalability extendstowards SMP nodes—eithestand-aloneor in client-sener or
client-peerconfigurations.

Buffer Cache Implementation Mostrecentwork on buffer managemerhasfocused
on efficient useof buffersin aclient-sener context. KemperandKossmanrj1994] ex-
plored adaptie useof both objectand pagegrain buffering—objectbuffering incurs
a copy cost,but may be substantiallymore space-dicient when objectsare not well
clusteredThe THOR project[Liskov et al. 1999]hasincludeda lot of work on buffer
managemerih client-sener databasesnostlyfocusingon efficiently managingclient,
sener, andpeermemoryin the faceof objectupdatesat the clients. Platypuss buffer
cacheis in most respectsorthodox (implementinga STEAL/NO-FORCE[Franklin
1997] buffer managemenpolicy), andis amenablgo suchtechniquedor managing
datacachedvia anetwork. The novelty in our buffer managefiesin its useof memory
mappingto addressfficiency with respecto accesof dataresidenton disk We ad-
dressthe problemof controllingwrite-backof mappedbageswhich have becomedirty
(any suchwrite-backmustbe strictly controlledto ensurerecoverability). We alsoout-
line anextensionto the ARIES [Mohanetal. 1992]recovery algorithmwhich obviates
theneedfor log sequenc@umbergLSNs)to beincludedon every page.

Scalable Data Structures Thereexists anenormouditeratureon datastructuresand
scalability Knuth[1997] providesanexcellentdiscussiorof sortingandsearchinghat
provedto bevery helpfulin ourimplementatiorefforts. Kleiman, SmaldersandShah
[1995] give an excellenttreatmentof issuesrelatingto threadsand concurreng in an
SMP context, describingnumerougechniquedor maximizingscalabilitywhich were
relevantto our storeimplementationOneof the scalability problemswe facedwasin
the efficiency of mapstructuresAfter exploring splaytrees[Sleatorand Tarjan1985],
andhashegincludingdynamichasheglLarson1988])andtheir variouslimitations,we
developedanew datastructurevhichis asimplehybrid, thehash-splayThehash-splay
datastructureis explainedin full in section5.1.

3 Architecture

At the coreof the Platypusarchitecturearethreemajor separabl@bstractionsvisibil-
ity, which governstheinter-transactionavisibility of intra-transactionathangestabil-
ity, which is concernedvith coherentstability and durability of data,andavailability



which controlsthe availability of data(i.e., its presenc®r absenceén a useraccessible
cache)[Blackburn 1998]. Eachof thesecorresponds$o one or more major functional
units (called ‘managers’)in the PlatypusarchitectureOn top of thesethreeconcerns
thereexistsanobjectmanagerwhich projectsanobjectstorefrom anunderlying‘byte
store’,andatransactiormanagemwhichorchestratesisibility, stability andavailability
concern®naccounbf userrequestacrosghetransactionainterface. Thisarchitecture
is illustratedschematicallyin figure 2.
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Fig. 2. PlatypusarchitectureschematicManagergright) overseethe structureandmovementof
databetweermemory a store,alog, andremotestoregleft). Throughthetransactionainterface
theclientruntimegainsdirectaccesso thememoryit shareswith thestore.

3.1 Visbility

Isolationis a fundamentalproperty of transactiongHarderand Reuter1983]. While
changesnadeby anuncommittedransactiormustbeisolatedfrom othertransactions
to ensureserializability serializabilityalsodemandshatthosechange$efully exposed
oncethetransactioris successfullicommitted.Visibility is concernedvith controlling
thatexposuren thefaceof particulartransactionasemanticsVisibility becomesome-
whatmorecomple in thefaceof distribution, wherearangeof differentstratgiescan
beemployedin aneffort to minimizetheimpactof latency[Franklin 1996].Sincethese
stratgyies are concernedsolely with efficiently maintainingcoherentvisibility in the
faceof distribution-inducedatengy, they arenot relevantto purely local visibility is-
sues.We thuscarefully separatevisibility into two distinctarchitecturalunits: a local
visibility manager (LVM), andaglobal visibility manaer (GVM).

The LVM is concernedwvith the mediationof transactionavisibility locally (i.e.,
within asingleuniformly addressablenemoryspacepr ‘node’). In theabsencef net-
work lateng, optimism seneslittle purpose sothe LVM canbe implementedusing



anorthodoxlock managefasfoundin mostcentralizedlatabasesystemsy. The LVM
operatesvith respecto transactionsandabstractvisibility entities which the transac-
tion managewould typically mapdirectly to objectsbut which couldmapto ary other
entity over which visibility control were required.Throughthe transactionrmanager
transactionacquirelocks from the LVM, which ensureghatappropriateéransactional
visibility semanticarepreseredanddetectsandreactsto deadlocksvhennecessary

The GVM managegdransactionalisibility betweerthe LVMs at distributednodes
(i.e., nodeswhich do not sharea uniformly addressablenemory). The GVM mayim-
plementary of the considerablerange of transactionakcachecoherenyg algorithms
[Franklin 1996]. The GVM operateshetweendistributed LVMs and works with re-
spectto transactions visibility entities and setsof visibility entities By introducing
setsof visibility entities interactionscanoccurat a coarsemgrain. Justasvisibility en-
tities may be mappedto objects,setsof visibility entitiesmay be mappedto pages,
allowing global visibility to operateat eitherpageor objectgrain (or both [Voruganti
etal. 1999]). TheGVM allows accessightsovervisibility entities(objects)andsetsof
visibility entities(pages}o becachedat nodesOncerightsarecachedatanode,intra-
node,inter-transactiorvisibility is managedy theLVM atthatnode.The GVM exists
only to supporttransactionavisibility betweerdistributedLVMs, sois only necessary
in the casewheresupportfor distributionis required.

32 Stability

Durability is anotherfundamentapropertyof transactionsHarderand Reuter[1983]
definedurability in termsof irr evocablestability, thatis, the effectsof a transaction
cannotbe undoneoncemadedurable.An ACID transactiorcanonly be undonelogi-
cally, throughtheissueof anothettransactior(or transactionsyvhich counterghefirst
transaction.Thereare otherimportantaspectso managingstability, including crash
recovery, faulting of datainto memoryand the writing of both committed(durable)
anduncommittedatabackto disk. Giventhe penasivenessandgeneralityof thewrite
aheadogging (WAL) approacho recovery [Mohan1999],we modelstability in terms
of astoreanda stablelog of events(changego the store¥. This modelallows uncom-
mitted storedatato be safelystabilized asthelog alwaysmaintainssufiicientinforma-
tionto bringthestoredatato a statethatcoherentlyreflectsall committedchangeso the
store.Stability functionalityis dividedinto two abstractayersmanagedespectiely by
the high level stability manayer (HSM) andthelow level stability manayer (LSM).
The HSM is responsibldor maintainingand ensuringthe recoverability of ‘high
level’ logs which stably reflect changego the storeinducedby useractions(as op-
posedto actionsinternalto Platypuss management)-or examplea users updateto

2 Optimismis a computationatlevice for hiding latenciesassociateavith thein-availability of
informationon which a decisionmustbe made(typically dueto physicaldislocationor de-
pendencie®n incompleteconcurrentcomputations)in a contextt wherethe informationis
available—suchis the casewith sharedmemoryconcurreng control—optimismis unneces-
saryandin factdeleteriougthereis no pointin computing'optimistically’ wheninformation
indicatingthefutility of thatcomputations immediatelyavailable).

3 Therewereotherimportantreasongor choosingWAL, not leastof theseis thatunlike shad-
owing, WAL admitsthe possibility of a zero-copy buffer cache(seesectiond.1).



anobject, O, is recordedby the HSM in relatively abstracterms:‘transactionT mu-

tatedobjectO thus: O = O+ A’. The HSM's log of changess robustto lower level

eventssuchasthe movementof an objectby a garbagecollectoroperatingwithin the
storebecausehe HSM log doesnot recordthe physicallocationof byteschangedbput

ratherrecordsdeltasto abstractlyaddresseabjects.Anotherrole of the HSM is that
it managesbefore-images'of objectswhich the userhasstatedan intentionto up-

date.Beforeimagessene two importantroles. They arenecessaryor the calculation
of changedeltas(A = O’ @ O), andthey allow updatego the storeto be undone.The
latteris madenecessaryy our desirefor a zerocopy objectcacheandthe possibility
of implementinga STEAL policy in the buffer cache(i.e., thatuncommittedmutated
pagesmight be written to the store[Franklin 1997]). The HSM ensureghatdeltasare
madestableat transactiorcommittime, andthat before-imagesre madestableprior

to ary pagebeing‘stolen’ from the buffer cache.

The LSM hastwo roles. It maintainsand ensureghe recoverability of ‘low level’
logs which stably reflect changedo store meta-datsand store structure(suchasthe
movementof an object from one disk pageto anotheror the updateto someuser
transparentindex structure).The LSM alsoencapsulateblSM logs. Recorery is pri-
marily the responsibilityof the LSM. Whenthe LSM finds a log recordcontaininga
HSM log record,it passesesponsibilityfor that updateto the HSM. This separation
hastwo majorbenefitsFirst, it allows ary low-level activities suchaschangeso object
allocationmeta-datao be completelyseparatedrom the high level object storebe-
havior, which allows modular independenimplementationSecondjt opensthe way
for a two-level transactiorsystemwhich canreduceor remove concurreng conflicts
betweenlow-level actiities and high level actwities (this is essentiato minimizing
conflictsbetweenconcurrentusertransactionandgarbagecollection).For examplea
high-level transactiormaybeupdatinganobjectwhile it is beingmovedby alow-level
transactionThetwo-level systemallows bothtransactionso proceecconcurrently

33 Availability

Theavailability manager (AM) hasa numberof roles,all of which relateto thetaskof
makingdataavailable (to the userandthe storeinfrastructure).The centerpiecef the
AM is thusthe buffer cache—thgbounded)setof memorypagesin which the store
operatesFor eachnodethereexists one AM.* The AM manageshree cateoriesof
pages:store pageswhich are mappedfrom secondarystorage(throughthe LSM) or
from aremotenode(throughthe GVM), log pageswhich aremappedrom secondary
storage(throughthe LSM) and shared meta-datawhich is commonto all processes
executingat thatnode.Wheneer thereis demandor a new page,aframeis allocated
in the buffer cache(possiblycausingthe eviction of a residentpage).In the caseof a
storepagetheLSM or GVM thenfaultsthepageinto the new frame.Evictedpagesare
eitherswappedo their correspondingtorepage(apageSTEAL), or to a specialswap
areaon disk (for non-storepagesy.

4 The AM is managedooperatiely by all storeprocessesxecutingconcurrentlyon the node.
5 This is simply achiered by ‘mmap’ing non-storegpagego a swapfile.



The AM operatesat two grains: available regions which are typically mapped
to objects,and pages which is the operatingsystems unit of memory management.
Throughthetransactiormanagerthe AM keepstrack of which memoryregionsarein
use(pinned)by the user andwhich regionsaredirty, informationwhich is usedwhen
makingdecisionsaboutwhich pagedo evict.

34 Objects

An objectmanager (OM) is responsibldor establishinglandmaintaining)a mapping
betweeranunderlying‘'byte store’ (unstructurediata)andthe objectstoreprojectedo
theuser Thenatureof thismappingandthesophisticatiorof the OM is implementation
dependenandmayvary enormouslyfrom a systemthattreatsobjectsasuntypedbyte
arraysand simply mapsobjectidentifiersto physicaladdressedp a systemthat has
a strongnotion of objecttype andincludesgarbagecollectionand perhapsa level of
indirectionin its objectaddressingThe strengthof this designis thatwhile the object
manageis arelatively smallcomponenbf thestorein implementatiorterms,it largely
defineghestorefrom theuserperspectie. Thusmakingthis amodular separableom-
ponentgreatlyextendstheutility of theremaindeiof the store.

3.5 Transactions

The transactionmanager is a relatively simple architecturalcomponenthat sits be-
tweenthetransactionainterfaceandtheremainderof thearchitecturelt executesuser
transactionby takingusemrequestgsuchasreadintention, writelntention, new, com-

mit, andabort), andorchestratinghe appropriateransactionasemanticghroughthe
OM (creatingnew objectsJookingup OIDs),AM (ensuringhatthe objectis in cache),
LVM (ensuringthattransactionalisibility semanticsareobsened),andHSM (main-
tainingthe persistenstateof the object).

Having describedhe Platypusarchitecturewe now discussaspect®f its implementa-
tion.

4 Implementing a Zero-Copy Buffer Cache

At the heartof the transactionabbjectcachearchitectures the conceptof both store
andruntime sharingdirectaccesdo an objectcache whereaccesss moderatedy a
protocolmanifestin a transactionalnterface(seefigure 1). This contrastswith inter-
faceghatrequirethatobjectsbe copiedfrom thestoreto theruntimeandbackagain.In
ourrecentexperiencavith acommerciablatabas@roductandthe SHORE[Carey etal.
1994]objectdatabaseneitherwould allow direct(‘in-place’) updatego objects® Such
arequirements understandabli; thefaceof normaluseraccesso anobjectdatabase.
If direct,unprotectedaccesss givento acachedlatabas@agethegrave possibility ex-
istsof theuserbreakingthe protocolwith anupdatethat(inadvertently)occurrsoutside

6 We wereableto circumventthis limitation in SHORE—at the expenseof recaserability (this
is describedn section6).



anobject’s boundsandoverwritescritical metadataor an objectfor which the transac-
tion hadnot declareda write intention. Furthermorethe efficient implementatiorof a
directaccessnterfacepresentsomechallenges.

In pursuitof performancePlatypusis implementedvith a zero-copy buffer cache.
By zero-coly we meanthat disk pagesare memory mapped(avoiding copying that
occursin st di o routines),andthatthe storeclient (languageuntime)is givendirect
accesgo the mappedmemory client updatesbeing written directly into the mapped
file. Of coursea particularlanguageruntime may well chooseto copy objectsbefore
updatingthem(this happensn our orthogonallypersistentlavaimplementationwhere
eachobjectmustbe copiedinto the Java heapbeforeit canbeused) However, we have
nonethelessemovedonelevel of copying from the stores critical path.

Unfortunatelythe implementatiorof a zero-copy buffer cachein the context of a
standardJnix operatingsystempresentswo significanthurdles:controllingthe move-
mentof databetweermemoryanddisk,anddealingwith log sequencaeumbergLSNSs)
in multi-pageobjects.

4.1 Controlled Write-Back in a Memory Mapped Buffer under POSI X/UNIX

While thenmap systentcall providesa meanof accessinghefilesystemwithoutcopy-
ing, mmap doesnotallow re-mapping(i.e. oncedatais mappedrom disk addressl to
virtual addresw it canonly be written to someotherdisk address!’ via a copy). Fur-
thermorewhile msync canbeusedto forcea mappedoageto be written backto disk,
the only meansof stoppingdatafrom beingwritten backin a corventionaluserlevel
Unix processs throughmi ock, which is a privileged commandthat binds physical
memoryto aparticularmapping.This presents serioushurdle.Without usingm ock,
ary directupdateso an mmappedile could at arny time be written backto disk, de-
stroying the coherenyg of thedisk copy of the page.

We seePlatypuss primary role asthe back-endto a persistenianguageruntime
system,andthereforedo not think that it would be satishctoryfor storeprocesseso
requireroot privileges.A standardsolutionin Unix to problemsof this kind is to use
a privilegeddaemonprocessto perform privilegedfunctionsas necessaryUsing this
approachassoonasa non-residentpageis faultedin, an mlodk daemorcould be trig-
geredwhich would lock the pagedown, preventingary write-backof the pageuntil the
lock wasreleased. Controlwould thenrevertto the storeprocess.

The useof a daemonprocesscomesat the costof two context switches(context
mustmove from the storeprocesgo thedaemorandback).Givenour focuson perfor
mance this could presenta significantproblem.Fortunately the context switch canbe
completelyoverlappedvith thelateng associatedvith faultingin the pagewhichis to
belocked.Thusm ock semanticsareattainedwithout requiringstoreprocesseso be
privilegedandwithoutanappreciabl@erformancgenalty Theapproachs sketchedn
figure 3. Whena storeprocessequests pageto befaultedinto the store,it first signals
aconditionvariablethatthem ock daemoris waiting on, thenit triggersthel/O. The
I/O causeshestoreprocesgo block andthusgiving therm ock deamor(whichis now
nolongerblockedon a conditionvariable)achancdo beswitchedin. A lock-protected

7 Throughtheuseof ml ock andnpr ot ect , residenyg is underthe controlof Platypus.



placerequesin mlock circularbuffer blodked on conditionvariable

callmmap blodked on conditionvariable
sighalmlock daemon conditionvariable unbloded
triggerl/O —contol — inspectcircular buffer
blodkedon /O for eachnon-emptyentryin circularbuffer
blockedon I/O call mlock & setdoneflag
1/0 completes <+ contol- finished [time sliceconsumed]
checkmlock doneflag blodked on conditionvariable [sleep]
[block on conditionvariable —contol —  continueprocessingeircular buffer]
store process mlock daemon

Fig. 3. Overlappingl/O with contet switchesto a daemonto efficiently userm ock in a non-
privileged store process Accessto the mlock circular buffer is donein a mutually exclusive
mannerEventsin braclets([] ) depictscenariovheredaemordoesnot completerequest.

circular buffer is usedto dealwith the possibility of multiple store processesimul-
taneouslymakingrequestgo the mlock daemonanda flag is usedto allow the store
procesgo ensurghatthenl ock did in facttake placewhile it wasblockedonthel/O.
If thedaemorhasnot run andthe mlock hasthusnot occurredthe storeclient blocks
onaconditionvariablewhichis signalledby thedaemorwhenit completegshem ock.
Them ock daemoris centralto the successfuimplementatiorof the zero-copy buffer
cachein Platypus.

4.2 Avoiding LSNsin a Write-Ahead L ogging Recovery Algorithm

Write-aheadogging (WAL) algorithms(suchas ARIES [Mohan 1999; Mohan et al.
1992]) revolve aroundtwo key persistenentities,a store andalog. Thelog is usedto
recordchangeqdeltas)to the store.This allows I/0O to be minimizedby only writing
storepagesbackto disk opportunisticallyor whenno otherchoiceexists® Abstractly
the WAL protocoldepend®on somemeansof providing linkagebetweerthe storeand
the log at recovery time. Suchlinkage provides the meansof establishingwhich of
the changesecordedn thelog have beenpropagatedo the storeandso areessential
to therecovery processConcretelythis linkageis provided by log sequenc@umbers
(LSNs), which are essentiallypointersinto the log [Mohan et al. 1992]. The natural
way to implementLSNs s to includethemin storepages—astorepagecanthenbe
readuponrecovery andits statewith respecto thelog quickly establishedby checking
theLSN field of the page.

LSNshave the lessdesirableside-efect of punctuatinghe persistenstoragespace
with low-level recovery-relatednformation. This perturbatioris particularlynoticeable
in the contet of objectsthatarelargerthana pagebecausehe objectwill have to be
brokenupto make way for anLSN on eachof the pageghatit spangacoherenbbject

8 Notethatit is becaus&VAL maintainsonly onestorepagecopy (unlike shade-paging)that
a zero-copy buffer cacheis possible.Shadav-pagingessentiallyrequiresa remappingof the
memory-storerelationshipeachtime a pageis committed which precludesero-coy useof
nmap asdescribedabore.



imagewill thusonly beconstructibleby copying eachof thepartsinto anew contiguous
space)More generally this useof LSNs precludesero-copy accesdo objectsof ary
sizethat spanpagesMotivatedby our goal of a zero-cojy objectstoreandthe possi-
bility of anobjectspacenotinterruptedby low-level recovery data,we now describean
alternatve approachthatavoids the needfor explicit LSNsto be storedin storepages
withoutloosingthe semanticshatLSNsbring to widely usedWAL algorithmssuchas
ARIES.

Our approachollows an interestingremotefile synchronizatioralgorithm,rsync
[Tridgell 1999;Tridgell andMackerras1998],which makescleveruseof rolling ched-
sumsto minimize theamountof datarequiredto synchronizawo files. Checksumsire
usedby rsyncto identify which partsof the files differ (so thatminimal deltascanbe
transmitted) andtherolling propertyof rsync's checksurnalgorithmallows checksums
to be cheaplyandincrementallycalculatedfor a large numberof offsetswithin oneof
thetwo files beingcompared.

At recovery time in WAL systemsthe log may containmary updatesto a given
storepage.Thusthereexistsa mary-to-onerelationshipbetweeriog recordsandstore
pagesA critical partof therecoveryprocesss reducingthisto aone-to-onaelationship
linking eachstorepagewith thelog recordcorrespondingo thelastupdateto thatpage
beforeit wasflushed An LSN storedin thefirst word of the storepageprovidesartrivial
solutionto the problem—thel SN is a pointerto the relevantrecord.By associatinga
checksunwith eachlog record theproblemis resohedby selectinghelog recordcon-
taining a checksumwvhich matcheghe stateof the storepage.This amountgo a minor
changeo therecovery processanddepend®nonly asmallchangeo thegeneratiorof
log recordsduring normal processingEachtime a log recordis producedthe check-
sumsof all updatedpagesarecalculatecandincludedin thelog record.Thusthe useof
checksumsén placeof LSNsis in principlevery simple,yetit avoidsthefragmentation
effect that LSNs have on large objects(onesthat spanmultiple pages)However this
simplechangeo the WAL algorithmis mademorecomple< by two issuesthe costof
checksuntalculation,andthe problemthatchecksumsnay not uniquelyidentify page
state.We now addressheseconcernsn turn.

Cheap Checksum Calculation The 32-bit Adler rolling checksum[Deutsch1996]
efficiently maintainsthe checksum(or ‘signatue’) for a window of k bytesasit is
slid acrossa region of memoryonebyte at a time. The algorithm calculatessachnew
checksumasa simplefunction of the checksunfor thelastwindow position,the byte
thatjustenteredhewindow, andthebytethatjustleft thewindow. It is bothcheapand
incremental.

In an appendixto this paper we generalizethe Adler checksunto partial chedk-
sums(which indicatethe contribution to the total checksunmadeby somesub-partof
thechecksummedegion). We thenshaw thatin additionto its propertyof incremental-
ity, the Adler checksunhasa moregenerabssociativepropertythatallows checksums
to be calculatedusing delta chedksums A delta checksumis simply a partial check-
sum calculatedwith respecto the byte-wisedifferencebetweenold and new values.
The new checksunfor a modified region is equalto its old checksunplus the delta
checksunof the bytesthatweremodified.



Thusratherthanrecalculatehe checksunfor awhole page,it is only necessaryo
establishthe deltachecksumdor ary updatedobjectsandaddthemto the pages old
checksumFurthermorethe calculationof the checksunis very cheap(involving only
anaddanda subtractfor eachbyte),andcanbefoldedinto the calculationof the delta
which mustbe generatedrom the beforeandafterimagesof the changedbjectprior
to beingwritten to the log at committime. A derivation of the incrementakchecksum
andapseudo-codéescriptionareincludedanappendixo this paper

Dealing With Checksum Collisions It is essentiathat at recovery time the stateof

a storepagecan be unambiguouslyrelatedto exactly one and only one (of possibly
mary) log recordsdescribingchangego thatpage Checksurnrcollisionscanarisefrom

two sourcesFirst, althoughary two consecutie changesnust,by definition,leave the
pagein differentstatesa subsequenthangecould returnthe pageto a previous state
(i.,e.A— B — A). Secondlytwo storepagestatescanproducethe samechecksumThe
32-bit Adler checksumusedin Platypushasan effectivebit strengthof 27.1 [Taylor
etal. 1998],which meanghatthe probability of two differing regionssharingthe same
checksunis approximatelyl /227, Soa checksumaloneis inadequate.

To thisendwe introducepageflushlog recorddPFLR)to thebasicWAL algorithm.
Positive identificationof a pages log statecanbe simplifiedif for eachtime a pageis
flushedto disk a PFLR is written to the log—eachflush of a storepageis followed by
alog recordrecordingthatfact. The problemthenreducego oneof determiningwhich
of two stateghe storepageis in. Eitherboththe flushedpageandthe associatedPFLR
whichfollowsit areondisk or only theflushedpagemadeit to disk beforea failureoc-
curred.If the PFLR containsthe pages checksumgdeterminingwhich statethe system
is in is trivial unlessthereis a checksuntollision. However, a checksuntollision can
betrivially identifiedat thetime thata PFLRis createdby rememberinghe checksum
usedin the lastPFLR for the pagein questionandidentifying ary occurrenceof con-
secutve PFLRswhich containthe samepagechecksumAs long asconsecutie PFLRs
for agivenpagehold uniguechecksumgahestateof a storepagecanbeunambiguously
resohed.

If the pagestateis the same(i.e. the stateof the pagein consecutie flushesis
unchanged)then the pageneednot actually be flushedand a flag can be setin the
secondPFLR indicatingthatthe pagehasbeenlogically flushedalthoughits statehas
not changedsincethe last flush. When collisions do occur (i.e. samechecksumbut
differentstorestate) they canbe disambiguatedby appendinghe secondconflicting)
PFLR with the full stateof all regionsof the pagethat have beenmodified sincethe
lastpageflush.A conflict betweerthetwo PFLRsis thensimply resohedby checking
whetherthestorepagestatematchesith thestateappendedio thesecondPFLR.While
in the worst casethis could involve including the entire pagestatein the log record
(if the entire pagewerechanged)checksunrcollisionsoccurso infrequentlythat ary
impacton overall I/O performancenill be extremelysmall (on averageonly 1 in 227
pageflushescould be expectedto generateary suchoverheadandthe WAL protocol
alreadyminimizesthe occurancef ary pageflushesby usingthelog ratherthanpage
flushegto recordeachcommit).



Thecommon-cas#O effect of usingchecksumsnsteadof in-pageLSNsis negli-
gableasthetotal numberof byteswritten to disk in both casess similar. In the caseof
the checksumstorepageutilization improvesslightly becauséhereis no spacdostto
LSNs,aneffectthatis compensatetbr by includingthe checksunin eachlog record?
The storepageandPFLR flushescanbe asynchronousolong asthe PFLRis flushed
from the log beforethe next flush of the samestorepage.This is guaranteedhowever,
becausasubsequerpageflushcanonly ariseasaresultof anupdateto thatpage,and
underthe WAL protocolany suchupdatemustbeloggedbeforethe pageis flushed.and
theloggingof suchanupdatewill forceall outstandingPFLRsin thelog to bewritten
out. However, ontherareoccasionwhencollisionsoccur, the PFLR mustbewritten to
thelog andthelog flushedprior to flushingthe storepage.

Althoughthe checksunapproactrequireshatchecksum®erecalculatediponre-
covery, thetimetakento performanAdler checksunof apageis dominatecoy memory
bandwidth,andsowill besmallin comparisorto the I/O costassociatedavith bringing
the pageinto memory The checksuntechniquewill thereforenot significantly effect
performancen therareoccasiorthatrecovery doeshave to be performed.

PagechecksumsindPFLRscanthusbeusedto replaceintrusive LSNsfor the pur-
pose®f synchronizingstoreandlog stateatrecoverytime However, LSNsmaybeused
for otherpurposesluringnormalexecutionsuchasreducinglocking andlatching[Mo-
han1990]. The useof corventionalLSNs during normal executionis not effectedby
theuseof PFLRsbecausé. SNsmaystill be associatedavith eachpagewhile the page
residesn memory(in datastructuresvhich hold othervolatile metadatanaintainedor
eachpage).Thusalgorithmslike CommitLSN [Mohan 1990]remaintrivially applica-
ble whenchecksuma&ndPFLRsareusedinsteadof in-pageL SNs.

4.3 Checksum-Based Integrity Checks

A sideeffect of maintainingchecksumsgor eachpageis thatpageintegrity checkscan
be performedif desired.Suchcheckscan be usedfor detugging purposeor simply
to increaseconfidencen the storeclient’s adherencéo the transactionabbjectcache
protocol. The first of thesegoalsis met by a function that checkspageson demand
andensureshatonly areafor which the clienthadstatedawritelntention weremodi-
fied. Someonalehugginga storeclient couldthenusethis featureto identify any pages
which hadinadwertentlybeencorrupted Thesecondjoalis metby checkingeachpage
prior to flushingit to disk, checkingthatonly thoseregionsof the pagewith adeclared
writelntention hadbeenupdatedTheassociatie propertyof the Adler checksun(see
above andthe appendixo this paper) makesthe efficientimplementatiorof suchpar
tial checksumefficient and straightforvard. Becauseof the checksuns probabilistic
behaior, suchcheckscanonly be usedto checkintegrity to a very high level of confi-
dence notasabsolutechecksof integrity.

9 LSNsarenot normally explicitly includedin log recordsbecausehey areencodedasthelog
offsetof thelog record[Mohanetal. 1992].



5 Maximizing Scalability

Performances a key motivator for Platypus,so it follows that scalabilityis a major
implementatiorconcern After briefly outliningtheapproactwe havetakento scalabil-
ity, we describein somedetailtwo techniqueghatweresignificantin deliveringgood
performanceesultsfor Platypus.

At the highestlevel, the storearchitecturemust be able to exploit scalablehard-
ware.For this reasonthe Platypusarchitecturesupportdifferentdistributed hardware
topologiesincludingclientsenerandclient peer(figure 2 andsection3.3). Thesecond
of thesehasbeendemonstratedo scaleextremelywell on large scalemulticomput-
ers[Blackburn 1998].1n additionto distributedmemorymachinesthe Platypusarchi-
tectureis alsotargetedat SMP platforms,wherememorycoherenyg is not a problem
but resourcecontentioncanbe a majorissue.Throughthe useof daemorprocesseall
storeprocessesn a nodecansharethe commondataand meta-datehrougha buffer
cachehatis mmapedto thesameaddres$n eachprocessandcooperatiely maintained.

At alowerlevel, we foundtwo primarysourcef in-scalabilitywhenbuilding and
testingPlatypusdatastructuresthatwouldnot scalewell, andresoucecontentiorbot-
tleneks We successfullyaddressedll majorresourcecontentionbottlenecksby using
techniquessuchaspoolsof locks,which provide a way of balancingthe considerable
spaceoverheadf a POSIX lock with the major contentionproblemsthat canariseif
locksareappliedto datastructuresattoo coarsea grain[Kleiman etal. 1995].We now
describehe hash-splaya specificsolutionto a key datastructurescalabilityproblem.

5.1 Hash-Splay: A Scalable Map Data Structure

Map datastructuresare very importantto databasesnd object stores.Platypusim-
plementsa numberof large mapstructuresmostnotablythe LVM hasa maprelating
objectidentifiers(OIDs) to perobjectmeta-datesuchaslocks, updatestatus,andlo-
cation.Prior to the developmentof Platypuswe implementeda PSI-complianbbject
storebasedon the SHORE[Carey et al. 1994] object databaseand found that map
lookupswereabottleneckior SHORE.Consequentlyve spenttime analyzingthe scal-
ability characteristicof commonmap structuresmostnotably hashtablesand splay
trees[Sleatorand Tarjan 1985], eachof which have someexcellentproperties Knuth
[1997] givesa detailedreview of bothhashesindbinarysearchrees.

Primaryfeaturesof the memoryresidentmapsusedby Platypusand otherobject
storesarethataccessimeis ata premiumandthey have key setsof unknawvn cardinal-
ity. The samemapstructuremay needto efficiently mapno morethana dozenunique
keysin thecaseof aquerywith arunningtime in the orderof afew hundredmicrosec-
onds,andyet may needto map millions of keys for a large transactiorthatwill take
mary secondsThe challengethereforeis to identify a datastructurethat can satisfy
boththevariability in cardinalityandthedemandor fastaccessAnothercharacteristic
of thesemapsis thatthey will oftenexhibit adegreeof locality in their accespatterns,
with a‘working set’ of w keyswhich areaccessethorefrequently(suchaworking set
correspondso thelocality propertiesnherentin the objectstoreclient’s objectaccess
patterns).



While binary searchtreesareideal for mappingkey setsof unknown cardinality
theiraccessimeis O(logn) for nkeys.Ontheotherhand hashtablescandeliveraccess
time performancef O(1), but arenotwell suitedto problemswherethe cardinalityof
thekey setis unknown.

Ourinitial experimentaverewith splaytreeswhichareself-adjustinginarysearch
trees.Splay treesre-adjustat every accesspringing the mostrecentlyaccessedtem
to the root. While this providesexcellentperformanceor accesgpatternsof the type
{aaaaabbbbbba.. }, splay trees perform particularly poorly with an accesspattern
like {abababababah.. }. We quickly found that by using ‘sampling’ (the treeis re-
adjustedwith someprobability p), the re-adjustingoverheaddroppedappreciablywith
no appreciableegradationto accesperformanceproviding a substantiabverall per
formanceimprovement.This ideahasbeenindependentlydevelopedandanalyzedoy
others[Furer1999].

Othershave experimentedwith linear hashing® which adaptsto the cardinality
of the key set. This was originally developedfor out-of-memorydata[Litwin 1980;
Larson1980]andsubsequenthadaptedo in-memorydata[Larson1988]. Aside from
thequestiornof key setcardinality thereality of non-uniformhashfunctionsmeanshat
asignificanttradeof mustbemadebetweerspaceandtimefor any hashwhichtakesthe
cornventionalapproactof linearprobingon its buckets.Accesstime canbe minimized
by reducingcollisionsthrougha broad(and wasteful)hashspace or spaceefficiency
canbe maximizedat the costof relatively expensve linear searcheshroughbuckets
whencollisionsdo occur Significantly theimpactof a accesdocality on the behavior
of splaysandhashesappearsiot to have beenwell examinedin the literature,rather
performancanalysedendto addressandomaccespatternonly.

Theseobsenationslead us to the hash-splaya simple data-structuravhich com-
binesthe O(1) accesdime of a hashwith the excellentcachingpropertiesandrobust-
nesgo key setsof unknawn cardinalitythatsplaytreesexhibit. Thehash-splaygonsists
of ahashwherethehashtargetsaresplaytreesratherthanothermoretraditionalbucket
structures-!

The hash-splaydata structurehas excellentcachingproperties.The combination
of the re-adjustingpropertyof the splaytreesandthe O(1) accesgime for the hash
meansthat for a working setof sizew, averageaccesgimesfor itemsin the setis
approximatelyO(log(w/k)) wherek representshe hashbreadth.By contrast,for a
simple splayit is approximatelyO(logw), and for a simple linear probing hashit is
O(n/k). If k is chosento be greaterthanw, and a suitablehashfunction is chosen,
working setelementsshouldbe at the roots of their respectie buckets, yielding near
optimal accesdor theseitems. Significantly k is selectedas a function of w, not n,
allowing k to be substantiallysmaller

Platypussuccessfullimplementsthe hash-splayto greateffect. We find that our
datastructuresperformvery well for both hugetransactiongwheremary locks and
objectsareaccessedgswell asfor smalltransactiongseesection6.2).

10 Not to be confusedwith the standardechniqueof linear probingin hashtables.
11 ¢ f. hash-tees[Agrawal andSrikant1994],which aretreeswith hashest eachnode.



6 Performance Analysisof Platypus

We conducteda numberof experimentsto assesshe performanceof Platypus.For
eachof the experimentsve useSHOREasa point of comparisonAfter describingthe
experimentalsetup,we comparethe overall performanceof the two stores.We then
comparethe performanceof eachstores logging system.The comparatie readfault
performancef the two storeswasthe next experimentconductedFinally we compare
thescalabilityof the datastructuresusedby eachstorefor readingandlocking objects.

6.1 Experimental Setup

All experimentsvereconductedusingSolaris7 on anlintel machinewith dualCeleron
433Mhz processorss12MB of memoryanda 4GB harddisk.

Platypus The systemusedin this evaluationwasa first implementatiorof Platypus.
The featuresit implementsinclude: a simple object managemhich featuresa direct
mappingbetweenogical and physicallDs; a local visibility managerpoth low level
andhighlevellogging;andanavailability managerThe pagebufferimplementedn the
availability manageisupportsswappingof storeandmeta-datgpagesandimplements
theNO-FORCE/STEALrecoverypolicy [Franklin1997]. Thefeaturesdescribedn sec-
tions4 and5 have all beenimplementedvith theexceptionof checksum-basedtegrity
checks.The systemis SMP re-entrantand supportsmultiple concurrentlient threads
per processaswell asmultiple concurrentclient processed.imitations of the imple-
mentationat the time of writing include:the failure-recoery processs untestedal-
thoughloggingis fully implemented)the availability managedoesnotregycle virtual
addresspacethe storelacksa sophisticatedbjectmanagemwith supportfor garbage
collection;no GVM hasbeenimplementedprecludingdistributedstoreconfigurations.

SHORE SHOREIis a persistenbbjectsystemdesignedo sene the needsof a wide

varietyof targetapplicationsjncluding persistenprogrammindanguage$Carey etal.

1994].SHOREhasalayeredarchitecturghatallows usergo choosehelevel of support
appropriatefor a particularapplication.The lowest layer of SHORE s the SHORE
StorageManager(SSM), which providesbasicobjectreadingandwriting primitives.
Usingthe SSMwe constructedPSI-SSM.a thin layer providing PSI[Blackburn 1998]
compliancefor SSM. By usingthe PSlinterface,the sameOO7 codecouldbe usedfor

both Platypusand SHORE.SSM comesasa library thatis linked into an application
eitherasa client stub(for client-sener operation)or asa completesystem—uwsdinked
it in to PSI-SSMasa completesystemto avoid the rpc overheadassociatedvith the
client-senrer configuration We alsobypasshe SSM’s logical recordidentifiers,using
physicalidentifiersinsteadin orderto avoid expensve logical to physicallookupson

eachobjectaccessThis simplemodeof objectidentificationcloselymatcheshesimple
objectmanagercurrentlyimplementedn Platypus.We performin-place updatesand
readsof objects? which furtherimprovesthe SHOREresultsreportedin this section.

12 3SM doesnot supportin-placeupdatessowhena write intentionis declaredwith respecto
anobject,PSI-SSMtakesa before-imagef theobjectto enableheundoof ary updatesf the



The PSI-SSMlayer alsohasthe effect of cachinghandlesreturnedoy SSMon a read
requestreducingthe numberof heary-weightreadrequestdo SSMto oneperobject
pertransactionas subsequenteadrequestdor the sameobjectaretrappedby PSI-
SSM. PSI-SSMusesthe hash-splaydatastructureto implementits light-weight map.
We usedSHOREversion2.0for all of the experimentgeportedn this paper

007 TheOO7bhenchmarlsuite[Carey etal. 1993]is a comprehensie testof OODB
performanceOO7 operationgall into threecateyories, traversalswhich navigatethe
objectgraph,querieslike thosetypically found in a declaratve query languageand
structuralmodificationswhich mutatethe objectgraphby insertingand deletingob-
jects. The OO7 schemas modeledaroundthe componentf a CAD application.A
hierarchyof assemblyobjects(referredto asa module)sits at the top level of the hi-
erarchywhile compositepartobjectslie at the bottomof the schemaEachcomposite
partobjectin turnis linkedto the root of a randomgraphof atomicpartobjects.The
007 databasés configurable with three sizesof databasecommonlyused—small
medium andlarge. In our studywe usesmall (11,0000bjects)and medium(101,000
objects)databaseslheresultsof OO7 benchmarkunsareconsideredn termsof hot
and cold results,correspondindo transactiongun on warm and cold cachesrespec-
tively. Operationsarerun in batchesandmay be run with manytransactionperbatch
(i.e., eachiterationincludesa transactiorcommit), or asonetransactior(i.e., only the
lastiterationcommits).All of theresultsreportedherewererun usingthe manyconfig-
uration.For a detaileddiscussiorof the benchmarkschemaandoperationsthe reader
is referredto the paperand subsequentechnicalreportdescribingOO7 [Carey et al.
1993]. We usethe sameimplementatiorof the OO7 benchmarlfor both Platypusand
SHORE.It is written in C++ andhasexplicit readandwrite barriersembeddedn the
code.Thisimplementatiordoesnot dependn storesupportfor indexesandmaps,but
insteadmplementsall necessarynapsexplicitly .

While we acknavledgethe limitations of usingany benchmarkasthe basisfor per
formanceanalysisthe operationgncludedin the OO7 suiteemphasizenary different
aspectof storeperformancesothe performancef a systemacrosshe entiresuite of
operationscangive a reasonabléndicationof the generalperformancecharacteristics
of thatsystem.

6.2 Results

Overall Performance Figure4 shows the relative performanceof Platypuswith re-
spectto SHOREfor thetwenty-fouroperation®f the OO7benchmarkor bothhotand
cold transactionsvith smallandmediumdatabasesOf the 9213 results,Platypusper
formssignificantlyworsein only five 5 (5.4%),theresultsaremaiginalin 9 (9.8%),and

transactionis aborted While this is safewith respectio aborts,a STEAL of a pageupdated
this way will leadto storecorruption.This optimizationthereforecomesat the expenseof
recoverability in a context whereswapping(STEALIng) is occurring.

13 wewereunableto usethelargedatabaseonfigurationfandunableto getresultsfor t3bandt3c
on the mediumconfiguration)becausef failuresin PSI-SSMand/orSSM oncethe database
sizeexceededhe available physicalmemory This behaior maywell berelatedto our useof
in-placeupdatesvhichis unsafein thefaceof pageSTEAL.



Platypusperformssignificantlybetterin 78 (84.8%).The geometricneansof thetime
ratiosfor the four setsof resultsrangefrom 0.580to 0.436,correspondingo Platypus
offering averageperformancemprovementsover SHOREfrom 72%to 129%.The hot
resultsspendproportionatelymoretime in the applicationandperformingsimpleOID
to virtual addresgranslationgcorrespondingo applicationreads) Sincebothsystems
executethe sameapplicationcodeandthe PSI-SSMlayer performsOID to virtual ad-
dresstranslationauisinga hash-splaysaving SHOREfrom performingsuchlookups),
thereis appreciabljlessopportunityfor the advantage®f Platypusover SHOREto be
seenin thehotresults.

L ogging Performance Tablel outlinestheresultsof a comparisorof logging perfor
mancebetweenPlatypusand SHORE. The resultswere generatedy re-runningthe
007 benchmarksuite using both systemswith logging turnedoff (i.e., without write
I/0 at committime), andthensubtractingheseresultsfrom thosewith loggingturned
on. Thedifferencebetweerthe resultsyieldsthe logging (write 1/0) costfor eachsys-
tem.ThetablerevealsthatPlatypusperformsloggingfar moreefficiently thanSHORE,
which may beattributedto the zerocopy natureof mrap (usedto allocatememoryfor
log recordsand usedto flush log recordsto disk in Platypus).The betterresultsfor
thesmalldatabassuggestshatloggingin Platypuss particularlylow lateng (ary la-
teng effectwill be diminishedin the mediumdatabaseesults wherebandwidthmay
dominate).This resultalsosupportghe claim thatthe new recovery algorithm(includ-
ing incrementathecksuntalculationspresentedn section4.2is efficientin termsof
loggingcosts.

Time Ratio Platypus/SHORE
StoreSizd Hot | Cold
Small 0.290(0.0141) 0.396(0.0169)
Medium | 0.362(0.0225) 0.401(0.0181)

Table 1. Performanceomparisorof logging betweenPlatypusand SHORE,shaving the geo-
metricmeanf ratiosof loggingtimesfor selectedperationgor eachsystemOnly timesfor the
benchmarloperationsvhereat least1% of executiontime wasspenton loggingwereincluded
in the results(8 operationsor mediumresultsand 15 operationsor small results).The results
shavn areaverageresultsfrom 3 repetitions.The valuesin braclets () depictthe coeficient of
variationof the correspondingesult.

Read Fault Performance To comparehow well the two systemsperformreadl/O,
we subtractedhe hot time from the cold time for eachbenchmarloperation.This dif-
ferencerepresentshe costof faulting pagesnto a cold cache andary incidentalper
transactiorcosts.The geometricneansof theratiosbetweerthe resultsfor eachstore
are presentedn table 2. The useof map both reducesthe numberof pagescopied
during pagefault to zero and also reducesmemory consumptionReducingmemory
consumptiorhasthe secondareffect of deferringthe needfor swappingandsofurther
reducingbothreadandwrite I/O.
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(a) Execution time ratios for cold benchmarkruns over the OO7 small
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(b) Executiontime ratiosfor hotbenchmarkunsoverthe OO7smalldatabase
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(c) Executiontime ratios for cold benchmarkruns over the OO7 medium
databasé¢geometrionean= 0.436,with 0.0142coeficient of variation).
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(d) Executiontime ratios for hot benchmarkruns over the OO7 medium
databasé¢geometrionean= 0.580,with 0.0176coeficient of variation).
Fig. 4. Executiontime comparisorof Platypusand SHOREfor the OO7 benchmarkEachim-
pulserepresentsheratio of averageexecutiontime for Platypusandthe averageexecutiontime
for SHOREfor a particularoperationin the OO7 suite. Averageresultsare generatedrom 3
repetitions A resultlessthanl correspondso PlatypusexecutingfasterthanSHORE.



|StoreSizeTime Ratio Platypus/SHORE

Small 0.775(0.0156)
Medium 0.338(0.0176)

Table 2. Performanceomparisorof readfaulttime betweerPlatypusandSHORE ,shawving the
geometricmeansof ratios of readfault times for eachsystem.The resultsshovn are average
resultsfrom 3 repetitions.The valuesin braclets () depictthe coeficient of variation of the
correspondingesult.

Data Structure Scalability This experimentexploresthe scalabilityof mapandlock-
ing datastructuresusedin Platypusand SHORE.We did not usethe OO7 benchmark,
but constructedh trivial synthetichenchmarkhatinvolved no writesanddid not read
ary objecttwice. Theseconstraintsallowedusto bypasshe cachingandbefore-image
creationfunctionality of the PSI-SSMlayer, andtherebygeta directcomparisorof the
Platypusand SSM datastructureperformanceThe syntheticbenchmarloperatesover
a singly-linked list of 100,000small objects!* Before eachtest, a single transaction
thatreadsall of the objectsis run. Thisis doneto bring all objectsinto memoryandso
remove ary 1/O effectsfrom thetiming of the subsequentansactionsAfter theinitial
transactionmary transaction®f varioussizes(traversingdifferentnumbersf objects)
arerun. To measurehe ‘per-read’ cost,we subtractfrom thetime for eachtransaction
thetime for anempty (zeroreads)transactionanddivide the resultby the numberof
objectsread.Figure5 depictsa comparisorof thedatastructurescalabilityfor Platypus
and SHORE.As the numberof objectsreadincreasesthe amountby which Platypus
outperformSHOREalsoincreasesindicatingthe datastructuresusedin Platypusare
substantiallymorescalable¢hanthoseusedin SHORE.

7 Conclusions

The power of abstractiorover persistencés slowly beingrecognizedy the dataman-
agementommunity Platypusis anobjectstorewhich is specificallydesignedo meet
the needsof tightly coupledpersistenfprogramminglanguageclientsandto deliver
thetransactionasupportexpectecby corventionaldatabasapplicationsThedesignof
Platypusembraceshe themeof abstractionabstractingover storetopologythrougha
flexible distribution architectureandencapsulatinghe mechanism®y which the ob-
ject storeabstractioris constructedrom an untypedbyte store.In additionto a high
level of flexibility, Platypusds extremelyfunctional.lt is multi-threadedaindcansupport
a high degreeof concurreng, bothintraandinter processandintra andinter processor
on an SMP architectureThe implementatiorof Platypusresultedin the development
of asimpleextensionto the ARIES recoveryalgorithmanda simplecombinatiorof ex-
isting datastructurespoth of which performwell andshouldhave applicationin other

14 Theobjectscontainonly apointerto thenext object. Thesmallespossibleobjectsizewasused
to ensurethatall objectswould fit eachstores cacheandsoavoid the possibility of swapping
effectsimpactingon thecomparison.
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Fig. 5. DatastructurescalabilitycomparisorbetweenPlatypusand SHORE.The resultsshavn
are averageresultsfrom 5 repetitions.The coeficient of variationfor the resultsshavn above
rangefrom 0.0667t0 0.112.

objectstoreimplementationsPerformancenalysisshaws that Platypusperformsex-
tremelywell, suggestinghatthe combinationof orthodoxyandinnovationin its design
andimplementatiorhasbeena successfustrateyy.

Themostobviousareafor furtherwork is to completethe constructiorof Platypus.
The completedstorewould includea moresophisticatedbjectmanagethatallows a
garbageollectorto beimplementedafully testedfailure-recoeryprocesandaGVM
(allowing for a distributed storeconfiguration).Furtherexperimentsthat may be con-
ductedincludeassessinghe performanceof the storewhenthe numberof concurrent
client processesreincreasedn a stand-aloneonfiguration measuringhe scalability
of the storein adistributedconfigurationanda comparatie performancevaluationof
usingchecksumsor recovery versusLSN.
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Appendix: Calculation of Page Checksums Using Differences

We notethefollowing definitionof an‘Adler’ signature (x,k) correspondingo arange
of bytesxg, X1, ... , X_1, whereM is anarbitrarymodulus(usually2® for performance
reasons)Deutsch1996]:1°

k—1

ri(x,k) = (%xi) modM

k—1

ra(x,k) = (Z}(k—i)x;) modM

F(%K) = r1(x,K) +Mra(x,k)

Calculating Partial Signatures The partial cheksum p(x,k,s,€), correspondingo
thecontributionto r(x, k) madeby somesub-rangef bytesxs, Xsy1,...,X% (0<s< e<
k—1)isthen:

pi(X,s,€) = (i x;) modM
p2(x,k,s,€) = (i(k—i)xi) modM
P(x,k,s,€) = p1(X,S,€) + Mp2(x,Kk,S,€)

Calculating Delta Signatures Considetthe Adler signature (x,k) for arangeof bytes
X0,X1,---,Xk—1- If thebytesin therangexs...xe arechanged...x, (0 <s<e< (k—
1)), thecomponents; (X, k) andrz(X, k) of the new checksunr (X, k) arethen:

ri(x,k) = (r1(x k) — pa(x,s,€) + p1(x,s,€)) modM
= (r(xk) — (.i)(‘) modM + (i x/) modM) modM

= (r1(%K) + (S (¥ —x)) modM) modM

S

ra(X,K) = (r2(x,K) — p2(x k,5,€) + p2(X, k,s,€)) modM
= (ra(x,K) — (i(k— i)%) modM +(§(k— i)x) modM) modM
= (ra(x,k) — (i(k— i) (X — %)) modM) modM

15 Adler-32 s a 32-bit extensionof the FletcherchecksuniFletcher1982].



If we further considera delta image, X suchthatx; = X — x for the rangeof bytes
correspondindo Xs. . . Xe, anda partialchecksunp(x; k, s, €) with respecto xs. . . Xe, we
notethatthe above canbefurthersimplified:

ri(x,k) = (r1(x,k) + p1(x;s,€)) modM
r2(X, k) = (r2(x k) + p2(x.k, s,€)) modM
r(x,k) = (r(x,k) + p(x,k,s,€)) modM

Thus the checksum(signature)r(X',k) for somemodified pageof sizek canbe
calculatedfrom its previous checksunr (x, k), andthe partial checksumof the delta
imagefor the region of the pagethatwaschangedwherethe deltaimageis a simple
byte-wisesubtractiorof old from new values.

Simplifying Signature Calculation A naive implementationof the signaturecalcu-
lation would seea multiply in theinnerloop. The following analysisshovs how the
(partial) signaturemplementatiorcanbe donewith just a load, anaddanda subtract
in theinnerloop.

P2(x,k,s,€) = (i(k— i)%) modM

= (Z)(k— i —S)Xs+i) modM

=((k—9) zxsﬂ - zixsﬁ) modM
e-si—1

=((k—y9) ZXS-H - igogoxs.,.i) modM

Fromtheabove, we notethe following recurrenceelations:

{fp(x,e,i—l)ere_i ifi>0

fo(x,6i) = ¢ X ifi=0

undefined otherwise
f(x,ei—1)+f(x,ei—1)ifi>0

f(x,i) =<0 ifi=0
undefined otherwise

We thereforenotethefollowing expressiongor p;, p2 andp:
p2(xk,s,€) = ((k—9)fp(x,6,e—5) — f(Xx,6,e—5)) modM
p1(X,s,€) = fp(x,e,e—s) modM
p(x,k;s,€) = fp(x,e,e—s) modM + M(((k—9)fp(x,e,e— ) — f(x,€,e—5)) modM)



which leadsusto thefollowing pseudo-code:

int signature(char *x, [* start of block */

int L, /* block length */
int s, [* start index of signature region */
int e /* end index of signature region */
)
{
for (int i = e, p1=0, p2=0;1i >s; i++) {
p_1 += x[i];
p_2 -= p_1;
}
p_1 += X[s];
p_2 += (L-s) * p_1,
p_1 & (1<<16)-1; /* mod 216 */
p_2 & (1<<16)-1; /* mod 2716 */
return p_1 | (p_2 << 16);
}

Fig. 6. Pseudaodefor partial Adler-32 signaturecalculation.



