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Abstract

Swizzlingrefersto thetranslationof objectreference$rom anexternal,persistenformatto
an internal, transientformat usedduring applicationexecution. Eager swizzling schemes
translateall the referenceontainedby objectsasthey are maderesident.Lazyswizzling
schemeglefertranslationof referencesuntil they areloadedfrom their container Eager
swizzlinghasthe advantageof presentinga uniformly swizzledrepresentatioof references
to the executionengine,at the costof up-fronttranslationof referenceshat may never be
used. Lazy swizzling avoids this cost, but requiresa run-timecheckthat we call a swizzle
barrier to detectandcorvert unswizzledreferencessthey areaccessedlLazy swizzlingis
mostoftenusedin situationswhereaccessearelikely to be sparseandthe up-frontcostof
eagerswizzling is prohibitive. For example,large containerssuchasarrays,may contain
mary thousand®f referencespnly a fraction of which areever actuallyaccessedet alone
usedto accesgheir tamget. Thus,lazy swizzling of arraysmakes senseeven while other
typesof objectsareeagerlyswizzled,in which caseevery arrayaccessnustbe protectedoy
aswizzlebarrier Many, if not most,of thesebarrierswill occurin the bodiesof loopsthat
iteratethroughthe elementsf arrays. Here,we describehow to hoistloop-nestedswizzle
barriersinto one inclusive barrier operationthat can be performedoutsidethe loop, and
which swizzlesthe subsetof array elementsaccessedh the loop body. Our approacho
array swizzle barrier optimizationis basedon loop inductionvariable analysis We have
implementedhis approachor the PJamgprototypeof orthogonalpersistencdor Java. In
experimentswith several benchmarkapplicationsour optimizationsreducethe numberof
swizzlebarriersexecutedoy anaverageof 66%.

1 Introduction

Persistenprogramminganguagesnanagevolatile memoryasa cachefor stablestorageandhide the
detailsof stablestorageunderneattihe abstractiorof persistencgAtkinson and Morrison 1995]. Or-
thogonalpersistenc@resentshis abstractiorfor all objectsuniformly, regardlessof their type Object
referencesn stablestoragearerepresentedssomesortof persistentidentifier (PID). To minimizethe
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costsof frequenttranslationfrom PIDs to in-memorypointers,persistentsystemsamay corvert inter-
objectreferencedrom their PID formatto a more efficient internalrepresentatiothat cacheghe re-
sulting translationfor future use. Conversionof PIDs in this way is termedswizzling[Moss 1992].
Thus,swizzlinghastwo costsassociateavith it: timerequiredfor translationandspacefor cachingthe
translation.

Persistensystemoftenchoosedo swizzleeagerly andpaytheswizzlingoverheadup-frontby trans-
lating all PIDsin anobjectwhenthatobjectis fetchedinto volatile memory In this casecompiledcode
will neverseeunswizzledeferencesHowever, for containeiobjects suchaslargearrayswhich contain
alarge numberof referenceshatareonly sparselyaccessetkagerswizzling may prove unneccessarily
expensve. Swizzling arrayslazily avoids the up-front overheadby deferringcorversionof array ele-
mentsuntil they areaccessedn this case sincearrayelementarenot alwaysswizzled,every accesso
anarrayelementequiresarun-timecheckthatwe call aswizzlebarrier to detectandcorvertunswizzled
referencessthey areaccessedSubsequerdccessesontinueto incur the costof the barrier

Orthogonalpersistencéenducesadditionalbarrierson objectaccessesSincea givenreferencanay
point to a transientobject,a residentpersistenbbjector a non-residenpersistenbbject,every access
mustalsocheckthat the target of the accesss resident. A readbarrier checksto seeif the objectis
resident,andretrievesit from stablestorageif not. Similarly, updatesequirea write barrier to mark
the objectasmodifiedfor subsequerntansferbackto stablestorage Our relatedpaperfHoskingetal. ]
considergheissueof optimizingreadandwrite barriersvia partialredundang eliminationover access
expressions.

Ourfocusin this papers theremoval of redundantirrayswizzlebarriers.Sincearraysaretypically
accesseth loops,mary swizzlebarriersoccurin thebodiesof thesdoops.Ouroptimizationapproachs
to exposeandhoistswizzlebarriersout of loop bodiesin theform of asingleoperatiorthatswizzlesthe
entirerangeof referencest once,beforetheloop is entered.Thetransformations drivenby induction
variableanalysisto determinghe upperandlower boundsof theloop index variableaswell asaclosed
form expressiorfor thevalueof theinductionvariableat eachiterationof theloop.

2 Analysisand optimization

This sectiondescribesur analysisandoptimizationframework for arrayswizzlebarrieroptimizations,
adoptingstandarderminologyandnotationsusedin the specificatiorof the Java programminganguage
to specify the analysisand optimizationproblem,and giving sufficient backgroundo understandhe
approach.

2.1 Terminology and notation

The following definitionsparaphras¢he Java specificationfGosling et al. 1996]. An objectin Javais
eithera classinstanceor anarray Referencevaluesin Java arepointels to theseobjects,aswell asthe
null reference Both objectsandarraysarecreatedby expressionshatallocateandinitialize storagefor
them.Theoperatoronreferences$o objectsarefield accessinethodinvocation,caststype comparison
(instanceof), equalityoperatorsandthe conditionaloperator Theremay be mary referencego the
sameobject. Objectshare mutablestate,storedin the variablefields of classinstanceor the variable



elementf arrays. Two variablesmay referto the sameobject: the stateof the objectcanbe modified
throughthereferencestoredin onevariableandthenthealteredstateobseredthroughthe other Access
expressiongefer to the variablesthat comprisean object’s state. A field accessxpressionrefersto a
field of someclassinstancewhile anarray accessxpressiorrefersto acomponentf anarray Tablel
summarizeghe two kinds of accessexpressionsn Jarza. We adoptthe term accesspath [Larus and
Hilfinger 1988; Diwan et al. 1998] to meana non-emptysequencef accessesas specifiedby some
accessexpressionn the sourceprogram. For example,the Java accesexpressiora.bli].c is anaccess
path. Also, withoutlossof generality our notationwill assumehatdistinctfieldswithin anobjecthave
differentnames.

Table 1. Accessexpressions

| Notation| Name | Variableaccessed |
p.f Fieldaccess| Field f of classinstanceeferredto by p
pli] Array accesg Componentvith subscript of arrayreferredto by p

2.2 Barriers

In anorthogonallypersistenimplementatiorof Javaaccessxpressionsnayreferto bothpersistenand
transientobjects. Thus, every accesgo an array of referencesnustbe protectedoy a swizzle barrier
appliedto the arrayelementbeingaccessedFor example,in the absencef optimizationsthe access
patha.b[i].c would requirea swizzlebarrierto protectthe referenceo theith componenof b. It would
alsorequirereadbarrierson the classinstancereferredto by a, the arrayreferredto by b andthe object
referredto by theith componentf b. If the expressiorappearasthetargetof anassignmentthenthe
objectreferredto by a.b|i] would alsorequireawrite barrier

Table 2: Barrier expressions

| Notation | Name | Description

read p) Readbarrier Apply readbarrierto, andreturn,
objectreferredto by p

write(p) Write barrier | Apply write barrierto, andreturn,
objectreferredto by p

swizzlép,i) Swizzlebarrier | Apply swizzlebarrierto thecomponent
of array p with subscripf

swizzleRarg(p,i, j) | Rangeswizzle | Apply swizzlebarrierto components

barrier of array p with subscriptsn therange]i, j]

A barrieris redundantf we canguaranteehatan earlierbarrierof the samekind hasalreadybeen
appliedto the sameobject,andthatthe earlierbarriers side-efect (e.g.,to fault or dirty the object,or
to swizzlethereferencehasnot beenundoneg(i.e., the barrieris idempotent This hasimplicationsfor
the interactionof barrieroptimizationswith the persistenceun-time systemwhich mustnot undothe
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effectof abarrierwhile optimizedcodedownstreanof thebarriercanstill execute.Solvingthis problem
requiresa contractbetweerthe optimizerandthe run-timesystemfor eachkind of barrier Thecontract
will dependon the specificsof the implementationso we defer discussionof this issueto Section3,

which present®urimplementatiorior PJamaCuttsetal. [1998] considettheissuefrom theperspectie

of therun-timesystem.

Our goalis to avoid applyingread,write and swizzlebarriersto accesseshereprogramanalysis
shavsthatthebarrieris redundantWe eliminateredundanteadandwrite barriersby partialredundang
elimination[Morel andRernvoise 1979] over accesgpathexpressiongNystrometal. ; Hoskingetal. ].
In this paperwe describean approactthateliminatesoop-nestedwizzlebarriersbasedon analysisof
loopinductionvariables.Beforewe caneliminateredundanbarrierswe mustmake themexplicit in the
accespathsandthenapplysomedefinitionof redundang. Makingbarriersexplicit meansbtainingfor
thesourcecodeacces®xpressiomanintermediataepresentatiofiR) in whichthe barriersareexposed.
Optimizationghenoperateon the IR to remove redundanbarriers.Thus,we addbarrierexpressiongo
theoriginal specificatiorof acces&xpressiongivenin Tablel. Thespecificatiorfor barrierexpressions
appearsn Table2. For eachsourcecodeacces®xpressionrable3 givestheform of the corresponding
explicit-barrierIR.

Table 3: Intermediate representation for access expressions

Source Intermediateepresentation
Readaccess \ Write access

p.f read p).f write(read p)).f

pli] (t =read p); swizzlgt,i); t[i]) | write(read p))[i

2.3 Rangeswizzle optimization

Containemobjectssuchasarrays aretypically swizzledlazily, requiringtheinsertionof swizzlebarriers.
Sincearraysaretypically accesseth loops,theseswizzlebarriersendupin thoseloop bodies.Oftenan

arrayelementike aji] is accessedepeatedlyin the body of suchaloop. Any suchrepeatedeference
must be protectedby a swizzle barrier as shavn in Figure 1(a). Suchrepeatedswizzle barriersare

redundantand can be recognizedand remaoved by programoptimizationssuchas partial redundang

eliminationover accesexpressiongNystrometal. ; Hoskingetal. ]. But notall swizzlebarriersin the

bodyof suchaloop areredundantFor example,in Figurel(a)analysiamayfind thatthesecondswizzle

barrieris redundanbecausdt is appliedto thesameelementa]i] in bothcasesindcanberemoved.

Thefirst swizzlebarrieris notredundanandremainsa seriousoverheado executionof theloop. To
remove thatswizzlebarrierit mustbe maderedundanby performingarangeswizzlebarrieroperation
outsidetheloop. To dothis, we needto determingherangeof arrayelementdeingaccessedsowe can
swizzlejust thatrangeof referencedeforeenteringthe loop. To determinethe accessange,we must
find loopsthataccessrraysof referencesnddeterminehe boundsof eachloop. If thelower boundof
aloop traversingarraya is foundto bel, andthe upperboundis foundto be u, thenwe caninsertthe
operatiorswizzleRang(a, |, u) outsidetheloop asshavn in Figure1(b). This enableghe eliminationof
swizzlebarriersonthe componentsf arraya from the body of theloop.
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whilei <ndo i1
.. swizzleRang(a, 1,n)
swizzléa, i) whilei <ndo
e« ali].x
e« afi].x
swizzléa, i) o
f < alil.y f <« alil.y
I+i+1 I+—i+1

end end

(a) Before (b) After

Figure 1: Range swizzle optimization

2.4 Induction variables

Inductionvariablesare programvariableswhosesuccessie valuesform a definite patternover some
partof a program,usuallyaloop [Muchnick 1997]. They belongto a broadergroupof variablesknown
assequenceariableswherethe patternmaybelinear, polynomial,geometricwrap-aroundperiodicor
monotonidGerleketal. 1995]. Detectindinearsequenceariablegs thefirst steptowardsimplementing
arrayrangeswizzleoptimizations.

25 Loopsand loop inversion

A loop is a strongly connectedccomponentf the control flow graph. The loop headeris the block

within theloop thatdominatesall otherblocksin theloop. Whenhoistingswizzlebarriersout of loops,

caremustbe takento hoistthe rangeswizzlebarrierto a positionwhereit will be executedonly if the

loopis executed.Severalloop transformationperformedon the controlflow graph(CFG) provide safe
placesto hoistthe barrier Thefirst insertsa new block calledthe pre-header which hasan out-edge
only to theheaderandwhosein-edgesarethosethatformerly enteredhe headefrom outsidetheloop.

Similarly, apost-bodyblock canbeinsertedwith anout-edgeonly to theheaderandwhosein-edgesare
thosethatformerly enteredhe headefrom insidetheloop. The secondransformationknown asloop

inversion, amountgo corvertingeachwhile loop into a do-while loop. For example,considertheloop

in Figure2(a)andits correspondingontrol-flav graphin Figure2(b). Figure2(c) shovs the sameoop

afterpre-header/post-bodgsertionandinversion.Theseprovide a safeplaceto hoisttherangeswizzle
checkasshavnin Figure2(d).

2.6 SSA form

Staticsingleassignmen{SSA) form is anintermediateepresentatiothat providesa compactform of
variabledefinition and useinformation. In this form, eachuseof a programvariablehasexactly one



whilei <ndo

swizzl¢a, i)

e« afi].x

i+—i+1
end

(a) A simpleloop

i1

Pre-Header’

swizzlda,i)

e+ afi].x

i<—i+1

Post-Body

Exit

(c) Its CFGafterinversion

i1

Pre-Header

swizzléa,i)

e+ afi].x

i+—i+1

Post-Body

Exit

(b) Its CFG

i1

Pre-Header’

o

swizzleRang(a, 1,n)

e+ a[i].x

i<—i+1

Post-Body

Exit

(d) Its CFGafterhoisting

Figure2: Loop inversion and hoisting



g« 1

i1 do
do i1 @(io,i2)

ifi>n ifig > ng

exit exit

end end

i<—i+1 ip+i1+1
end end
(&) A loop (b) Its SSArepresentation

Figure 3: Loop representation in SSA form

correspondingeachingdefinition. Wheredistinctdefinitionsof a variablemegeat confluencegointsin
the CFG, operatorgalled@-functionsareintroducedo “merge” eachof thereachingdefinitionsat that
point. The@-functionin turn senesasadefinitionpoint. Uniquedefinitionsof avariablearerepresented
by subscripting A loop andits correspondingSAform areshavnin Figure3. We usethe SSAform of
programrepresentatiom our inductionvariableanalysis.

2.7 Thedemand-driven SSA graph

Our inductionvariableanalysisframewvork is basedon the demand-drien SSA representatiorf the
CFG.Insteadof thetraditionaldef-usechaing/Aho etal. 1986],demand-drienSSAform usesfactored
use-def(FUD) chaingStolz etal. 1994;Wolfe 1996]. In thisformat,usesandg-functionshave pointers
to thecorrespondinglefinitionof thevariable.For thepurposeof recognizingnductionvariablesmeige
operatorghatoccuratloop headersieedto bedistinguishedrom thosethatoccurasaresultof forward
branching.Within loop headersmergesof multiple definitionsof a variablearehandledby p-functions
insteadof @-functions.The semantic®f the u areessentiallythe sameasthe ¢, with two differences:

e Thearity of a p-functionis alwaystwo sincepre-headeandpost-bodyblocksareaddedto each
loop asdescribedn Section2.5.

e Oneof thereachinglefinitionsatthep will alwaysbefrom within thebodyof theloop (theinternal
ssalink andtheotherwill alwaysbefrom outsidetheloop (the externalssaling.

The SSAgraphis an abstractiorrepresentinghe operationswithin the SSA form of the program.
The CFGandSSAgraphsfor theloopin Figure3(b) areshovn in Figure4. Theuse-defchainform, as
opposedo thetraditionaldef-usechainform, findsthereachingdefinitionatagivenuseby following the
links from theusebackward,againsthedataflow. Onarecursvetraversalof the SSAgraph,eachuseis
saidto demandhe valueof the earlierdefinition. We usethis propertyin our demand-dseninduction
variableanalysis.
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Figure 4. Demand-driven SSA graph

2.8 Demand-driven induction variable analysis

Demand-drren induction variableanalysis(DIVA) is basedon factored use-def(FUD) chains[Stolz
etal. 1994;Wolfe 1996],ademand-druenrepresentationf thepopularSSAform. In thisform, strongly

connected@omponentsf theassociateSAgraphcorrespondo sequenceis theprogramGerleketal.
1995].

Obsenethe SSArepresentatioof i in Figure3(b)andin Figure4. Beginningatthep definingiq, the
externalssalinkdefineghevalueof i1 onthefirstiterationof theloop. Onsubsequenterationghevalue
of i1 is definedby theinternal ssalinkto thedefinitionof i, atthestatement, < i1 + 1. Thisstatemenin
turn obtainsthevalueof i1 from the pabove. Thustheseedgedorm acycle which representthe flow of
i aroundtheloop. Thevariablei is now identifiedasa sequenceariablesinceit is definedasafunction
of itself on a previousiteration. Also, we candefinethe sequencexpressiorfor i asalinearfunctionof
thebasicloop counterh. Thevariableis is equalto h+ 1, which givesusthe sequencexpression.

Determiningsymbolicexpressiongor sequenceariabless atwo stepprocess:

1. The sequencevariablesare found by partitioninga graphrepresentatiof the programin SSA
form into stronglyconnecteccomponents

2. The nodesin eachcomponeni(sequencegre assignedsymbolic expressionsdescribingthe se-
guencdorm, suchasthe closedformsin termsof theloop counter.



for (exp;; exp,; exp;) do
stmt
end

Figure5: A well-behaved loop

Eachstrongly connecteccomponeni{SCC) correspond$o a loop-invariantvalue (viewed as a trivial
sequence)a propersequencdéorm or an unknovn sequencdéorm. The sequenceype andexpression
for agivencomponenaredependentn the sequenceéypesandexpression®f thosevariableshey use.
Thusary givencomponentvill firstdemandhe classificatiorof any component# requiresfor its own
classification. This demand-dsien processs accomplishedy using Tarjan’s algorithmfor detecting
SCCsin directedgraphgTarjan1972]. This algorithmhasthe propertythat SCCsarevisited only after
visiting all descendantomponentsn the graph;thus,a directedacgyclic graphof componentss formed
andprocesseth postordeduringa depth-firstraversal.

Herewe consideronly the classof well-behavedoops[Muchnick 1997]. With referenceo theloop
in Figure5, awell-behaedloopis onein whichexp; assignsvalueto anintegervaluedvariablei, exp,
compares to aloop constantexp; incrementor decrements by a loop constantand stmtcontains
no assignmentso i. Otherloopslike while anddo-while loopswhich follow the samesemantics
asthe for loop in Figure5 arealsoconsideredo be well-behaed. The inductionvariablesof such
well-behaedloopshave alinearpattern.

Our goalis to reducethe numberof swizzlebarriersexecuted.As explainedpreviously, we needto
find the boundsof aninductionvariablethatis beingusedto traversea givenloop in the program. A
sequencegariablecanbeidentifiedaslinear if theoperationsn thecomponentonsisiof usesdefinitions
andadditionsor subtraction®f loop-invariantvaluesor otherlinearvariables. TheSCCdefiningalinear
sequencwvill beasimplecycle, sincetheinductionvariablemayonly appeaonceontheright-handside
of theexpression.

To hoistout swizzlebarriersfrom loops,all the stronglyconnecteccomponentsn the programare
determined.Trivial componentsvhich areloop-invariantare excluded. Componentsvhich represent
well-behaedloopsarerecognizedindtheinductionvariablei is identified. As explainedpreviously, the
externalssalinkof the p-functionin theloop headerprovidesthe expressionnit which wasassignedo
i outsidethe loop. By recognizingthe conditionwhich terminateghe loop, the expressiontermwhich
is thelastvalueassignedo i canbefound. If theloopis traversinganarray arangeswizzleinstruction
with the range[init, term| canbe insertedinto the pre-headeas shovn in Figure2(d). Any swizzle
barrierusingi to swizzlea componenbf the arraywithin the body of theloop is thusmaderedundant
andcanberemovedfrom the program.

3 Implementation

Our implementationusesbytecode-to-bytecodelasstransformatiorto apply the DIVA techniquefor
rangeswizzle optimizationsfor executionon a modified versionof the PJamgAtkinson et al. 1996]
virtual machine.



3.1 Bytecode-to-bytecode classtransformation

The Javavirtual maching VM) specificatiofLindholm andYellin 1996]is intendedastheinterfacebe-
tweenJava compilersandJava executionervironments Its standaralassformatandinstructionsetper
mit multiple compilersto inter-operatewith multiple VM implementationsenablingthe cross-platform
delivery of applicationghatis Java’s hallmark. Conformingclassfiles generatedby any compilerwill
runin any Java VM implementationno matterif thatimplementationinterpretsbytecodesperforms
dynamic“just-in-time” (JIT) translationto native code, or precompiles]ava classfiles to native ob-
ject files. TamgetingcompiledJava classedor analysisand optimizationhasseveral advantages First,
programimprovementsaccrueeven in the absencef sourcecode,andindependentlyof the compiler
andVM implementation.SecondJava classfiles retainenoughhigh-level type informationto enable
advancedoptimizations.Finally, analyzingandoptimizing bytecodecanbe performedoff-line, permit-
ting JIT compilersto focuson fastcodegeneratiorratherthanexpensve analysis while alsoexposing
opportunitiedor fastlow-level JIT optimizations.

We have implementeda bytecode-to-bytecodelasstransformerthat performspartial redundang
eliminationover accessxpressionsn Java. Our implementationcalledBLOAT (for BytecodeLevel
OptimizationandAnalysisTool) takescompiledJava classesdheringo the Jara VM specificatiorand
generatefransformectlassessoutput. For eachmethod BLOAT first builds a control-flov graph,with
an expressiontree for eachbasicblock, theninfers the typesof local variablesand the operandstack
at eachpointin the code[Palsbeg and Schwartzbach1994], constructsan intermediataepresentation
basedon static single-assignmentSSA) form [Cytron et al. 1991; Wolfe 1996; Briggs et al. 1997],
performsSSA-basedialue numbering[Briggs et al. 1997] with TBAA, followed by SSA-basedPRE
[Chow etal. 1997],andfinisheswith generatiorof new Javabytecodegor themethod.NotethatBLOAT
is astand-alon¢ool thatcanbeusedto optimizeJava classesndependentlpf VM implementationThe
DIVA techniguehasbeenaddedasa separat@assoverthecontrol-flov graph just beforethefinal code
generatiorphaseto hoistarrayswizzlebarriersout of loops.

3.2 Optimizationsfor PJama

PJamgAtkinson et al. 1996]is a prototypeimplementatiorof orthogonalpersistencdor Java being
developedjointly by SunMicrosystemd.aboratoriesandGlasgav University. The PJama/M is based
on the SunJava DevelopmentKit (JDK) VM and conformsto the Javza VM specification;it executes
classexompiledto the standardytecodanstructionsetandclassfile format. Persistencéunctionality
is providedby anextendedAPI, extensiondo theVM for read write andswizzlebarriersandassociated
run-timesupport.In the currentreleaseof PJamathe swizzlebarrieris hiddenin theimplementatiorof
theaaload bytecode.

In line with our optimizationstratey, we have deletedthe hiddenswizzle barrierfrom the imple-
mentation®f the original aaload bytecodeandextendedthe PJama/M with two new internalswizzle
barrierbytecodesAs a classis loadedinto the extendedPJama/M its methodsnustnow be editedto
inserta swizzlebarrierbytecodeammediatelybeforeeachoccurrencef theaaload bytecode BLOAT
supportghis operatiorwith apreprocessingnon-analyzingnon-optimizingyassovertheclassto insert
the swizzlebarriers.The classcanthengo on to executein the extendedvVM. Subsequemnptimization
by BLOAT canthenoccurat ary corvenienttime. BLOAT alsosupportsa “way-ahead-of-timebdption
to preprocessndoptimizeclassfiles for laterloadingby the new PJama/M; this optionis commonly
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usedto preparethe core Java classedor loadinginto a virgin PJamgoersistenstore. The new barrier
bytecodesrespecifiedn Table4.

Table 4. New swizzle barrier bytecodes

andmustreferto anarraywhosecomponentg
are of type reference. The index must
be of type int. If the arrayref is not null,
thenthe elementat index is swizzled,if not
already arrayref andindex are poppedfrom

Operation | swizzlereferencdrom array swizzlerangeof reference$rom array
For mat
[ aswizzleRarg]|
Forms aswizzle= 236 (0xec) aswizzleRarm= 237 (0xed)
Stack ..., arrayrefiindex => ... ..., arrayrefstart,end=> ...
Description | The arrayref must be of type reference | Thearrayref mustbeof typereference and

mustreferto anarraywhosecomponentsire
of typereference. The startandend must
be of type int. If the arrayref is not null,
then the elementswithin the intersectionof
[start,end]and [0,arraylength]are swizzled,

theoperandstack. if not already arrayref, start and end are

poppedrom the operandstack.

3.3 Cache management

As mentionedearlier barrier optimizationsrequire a contractwith the persistenceun-time system,
which must not undo the effect of a barrierwhile optimizedcode can executethat assumeshe bar

rier is still in effect. The contractwith the PJamaun-timesystemis simple: PJamamustmaintainthe
effect of bothbarriersfor all objectsdirectly referencedrom a Java threads stackframes(bothoperand
stacksandlocal variables) In otherwords,residentobjectsreferencedlirectly from a threadstackmust
bepinnedin theobjectcachewhene&erthethreads active. Thus,the PJamabbjectcachemanagemust
eitheravoid evicting pinnedobjectswhenit attemptgo reclaimcachespace pr arrangefor themto be
maderesidentbeforethe pinning threadresumesexecution. Dirty bits seton objectsin the cachethat
aredirectly referencedrom athreads stackmustbe maintainedgven acrossstabilizations.Similarly,

referenceelementsn arraysthat have beenswizzledmustremainswizzled. Clearly, this contracthas
significantramificationdfor the run-timesystemCuttsetal. [1998] exploretheissuesn moredetail.

4 Experiments

Our experimentdocuson revealingthe gainsto be hadin eliminatingloop-nestedrrayswizzlechecks,
by countingthe numbereliminatedfor executionof several array-intensie benchmarks.Performance
improvementsasaresultof the optimizationarenot directly measuredhere thoughclearlyfor aninter-
pretedVM ary reductionin the numberof bytecodesxecutedwill have a noticeablempacton perfor
mancebecausef the correspondingeductionin bytecodedispatchoverhead.We believe alsothatfor
JIT-compiledVM implementationsisinglerangeswizzlecheckcanbetranslatedo moreefficientcode
thanmight otherwiseobtainfor the originalloop-nestedgwizzlechecks.
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4.1 Metrics

For eachcombinatiornof benchmarlandoptimizationlevel we measurghe numberof barrieroperations
executedfor the benchmarkusingan instrumentedrersionof the VM that reportsbytecodeexecution
frequencies.We measureanly warm executionsof the benchmarkoperationsso asto eliminatethe

overheadf bytecode®xecutedor initialization of classessthey aredynamicallyloadedby the VM.

4.2 Benchmarks

To bestevaluatethe impactof rangeswizzle optimizationsusing DIVA, we needa setof benchmarks
thatextensvely usearraysof objects.With thatobjectve thefollowing applicationsverechosen:

Linpack: Thestandard.inpackbenchmarlsuite.

Cholesly:  Setof routinesperformingCholeslk decomposition.
Neural: Backpropagatioron a multi-layeredneuralnet.
Inversion: Applicationperforminga seriesof matrixinversions.

While theseapplicationsare not themseles inherently persistentthey might reasonablybe usedto
performcomputation®ver large datasetsthatmight benefitfrom storagen a persistenervironment.

4.3 Results

The resultsof rangeswizzle optimizationsare given in Table5. The numberof aswizzlebytecodes
executedin classegshat have hadtheminserted,areunderthe columnheadingdecorated. The count
of aswizzlebytecodesxecutedin classeghat have beenoptimizedafter being decoratedare under
the columnheadingoptimized. TheresultsrevealthatDIVA optimizationsremove on average66% of
aswizzlesn thedecorateadtode.Looking at Table5, we obsere thatthe numberof nen aswizzleRargs
introduceds onaveraggust0.9%o0f aswizzlen thedecoratedode.Thisdemonstratetheeffectiveness
of rangeswizzleoptimizationgo reducethe arrayswizzleoverheadvith negligible cost.

Table 5: Results of range swizzle optimizations

aswizzlesxecuted aswizzleRangesxecuted
Benchmark|| decorated optimized | % removed | decorated optimized | % added
Linpack 75365 20217 73 0 304 0.4
Cholesly 921855 256994 72 0 14029 15
Neural 6491933 3397983 48 0 36832 0.6
Inversion 2309400 649710 71 0 26020 11

5 Conclusions

Our experimentsshav thaton average66% of swizzlebarriersareeliminatedat a smalladditionalcost
(0.9%)of introducingrangeswizzlebarriers.Theseresultsshov thatrangeswizzleoptimizationsbased
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on DIVA cansignificantlyreducethe array swizzle overheadof PJama.In general,our optimization
canbenefitary persistentlava systemthatimplementdazy swizzlingfor arrays.We believe thatDIVA
optimizationcoupledwith ourreadandwrite barrieroptimizationgHoskingetal. ] canhave asignificant
positive impacton the performancef persistentlava systemsWe alsoplanto integrateswizzlebarrier
optimizationsanto our PREdrivenoptimizationframework by treatingswizzlesasexpressionsimilarto
readandwrite barriers.By treatingall persistencearrieran auniformmanneme hopeto build ageneral
programanalysisandoptimizationframework targetedat persistensystemgCuttsandHosking1997].
This will further enableusto exploit the strongconnectiorandsimilarity betweernvariouspersistence
optimizationssuchasbarrierelimination,concurreng controllock elimination,clustering prefetching,
andswizzlingcenteren programanalysisanddynamicprofiling.
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