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Abstract

Persistentprogramminglanguagesmanagevolatile
memoryasa cachefor stablestorageimposingaread
barrier on operationsthat accessthe cache,and a
write barrier on updatedo the cache. The readbar
rier checksthe cacheresideng of the tamget object
while thewrite barriermarksthetargetasdirty in the
cacheto supporta write-backpolicy that defersup-
datesto stablestorageuntil eviction or stabilization.
Thesebarriersmay alsosubsumedditionalfunction-
ality, suchas negotiation of locks on sharedobjects
to supportconcurreng control. Compilersfor persis-
tentprogramminganguagegeneratéarriercodeto
protectall accesset possiblypersistenbbjects.Or-
thogonalpersistencemposesthis coston every ob-
jectaccesssinceall objectsarepotentiallypersistent,
at significant overheadto execution. We have de-
signedanew suiteof compileroptimizationsfocusing
on partialredundang eliminationof pointerbasedac-
cesxxpressionsthatsignificantlyreducethisimpact.
Theseareimplementedn an analysisand optimiza-
tion framework for Java bytecodesjn supportof or-
thogonalpersistencéor Java. In experimentswith the
traversalportionsof the OO7benchmarlsuiteour op-
timizationsreducethenumberof readandwrite barri-
ersexecutedby an averageof 83% and25%, respec-
tively.

1 Introduction

A persistentsystem[Atkinson and Morrison 1995]
treats permanentstorage as a stable extension of
volatile memory in which objectsmay be dynami-
cally allocated but which persistsfrom one program
invocationto thenext. A persistenprogrammindan-
guageandobjectstoretogetherpresere objectiden-
tity: every objecthasauniqueidentifier(in essencan
addresspossiblyabstractin thestore),objectscanre-
ferto otherobjects forminggraphstructuresandthey
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canbemodified,with suchmodificationsvisiblein fu-
tureaccessessingthe sameuniqueobjectidentifier

The languageprinciples of transpaency and or-
thogonality have beenrepeatedlyarticulated[Atkin-
sonandMorrison 1995; MossandHosking1996] as
importantin thedesignof persistenprogrammindan-
guagesenablingthefull power of the persistencab-
straction.Transparencmeanghatfrom the program-
mer’s perspectie accessto persistentobjects does
not requirewriting explicit codeto transferthembe-
tweenstablestoreandmainmemory Thus,aprogram
that manipulategersistenior potentially persistent)
objectslooks similar to a program concernedonly
with transientobjects. Instead,the languages com-
piler and/orrun-timesystemcontrive automaticallyto
cachepersistenobjectsn volatilememoryondemand
for manipulationby the program. This is someavhat
reminiscenof virtual memory:cachemissesn aper
sistentsystemare called objectfaults andtrigger re-
trieval of the missingobjectfrom stablestorageinto
volatile memory

Treatingpersistencasorthogonal to type encour
agestheview thatalanguagecanbe extendedo sup-
port persistencevith minimal disturbancef its exist-
ing syntaxand storesemantics.Thus, programmers
needaddlittle to their understandingf the language
in orderto begin writing persistenprogramsA com-
monway to achieve orthogonapersistencés by treat-
ing persistenstorageasa stableextensionof the dy-
namic allocationheap. This allows a uniform and
transparentreatmentof both transientand persistent
data; persistences orthogonalto the way in which
objectsare defined(i.e., their types), allocated,and
manipulatedn the heap.

While there are a numberof techniquesfor ob-
ject faulting basedon hardware supportfor memory
mappingthat are transparento the compiler[Lamb
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etal. 1991; Singhalet al. 1992; Wilson and Kakkad
1992; White and DeWitt 1994], the restrictionsand
pefformancelegradatiorthatsuchapproachesnpose
are often unacceptableresultingin a lack of con-
trol over explicit buffer managementocation inde-
pendencendtrue objectidentity [KemperandKoss-
man 1995]. In the absenceof suchhardware sup-
port for objectfaulting, compilersfor persistentpro-
gramminglanguagesnustgenerateexplicit codebe-
fore eachoperatiorthatmayaccesa persistenobject
to checkthatit is residentin memory andto fault it
in if not. Similarly, to supportefficient migration of
updateshackto stablestorage,compilersmustgen-
eratecodealongwith every operationthat updatesa
persistentobjectto signalthatit eventually mustbe
copiedbackto stablestoragegitherwhenreplacedn
thecacheor duringstabilizationof thepersistenstore.
Thesechecksare genericallytermedthe persistence
readbarrier andwrite barrier, respectiely. In gen-
eral they can subsumeadditionalfunctionality such
asngyotiationof lockson sharedbjectsto controlfor
concurrentaccess. As such,readand write barriers
represensignificantoverheado the executionof ary
persistenprogram.

The performancepenalty is exacerbatedor lan-
guageghatprovide orthogonapersistencesincethey
unify thepersistenandtransienbbjectaddresspaces
suchthatanygivenreferencanayreferto eitheraper
sistentor transientobject. Sinceevery accesqread
or write) might be to a persistentobject, they must
all be protectedoy an appropriatebarrier Optimiza-
tions to remove redundantarriershave beenpostu-
latedin the pastbut have never beenfully specified
and evaluated[Richardson1990; Hosking and Moss
1990;1991; MossandHosking1995;Hosking1995;
1997].

This paperpresenta completeframeavork for such
optimizationdasedn partialredundang elimination
over pointerexpressionsgescribests implementation
for orthogonalpersistencen Java, and provides ex-
perimentalevidenceof its effectivenesdor the elimi-
nationof redundanteadandwrite barriers.

2 Analysisand optimization

Our analysisand optimization framework revolves
aroundpartialredundang eliminationover pointerex-
pressionsthat accesspersistentobjects. We adopt
standarderminologyandnotationsusedin the speci-

fication of the Java programminganguageo specify
theanalysisandoptimizationproblem.

2.1 Terminology and notation

The following definitions paraphrasehe Java speci-
fication [Gosling et al. 1996]. An objectin Java is
either a classinstanceor an array Referenceval-
uesin Java are either pointess to theseobjectsor
the null reference. Both objectsand arraysare cre-
atedby expressionghatallocateandinitialize storage
for them. The operatorson referencedo objectsare
field accessmethodinvocation, casts,type compari-
son(instanceof), equalityoperatorsaandthe condi-
tional operator Theremay be mary referenceso the
sameobject. Objectshave mutablestate storedin the
variablefields of classinstancesor the variableele-
mentsof arrays.Two variablesmayreferto the same
object:the stateof the objectcanbe modifiedthrough
the referencestoredin one variableandthenthe al-
teredstateobsenred throughthe other Accessxpres-
sionsrefer to the variablesthat comprisean objects
state. A field accessexpressionrefersto a field of
someclassinstancewhile anarray accessxpression
refersto a componentof anarray Table1l summa-
rizesthe two kinds of acces®xpressionsn Java. We

Tablel: Accessexpressions

| Notation| Name | Variableaccessed |

p.f Fieldaccess| Field £ of classinstance
referredto by p

pIi] Array access| Componentvith subscript
i of arrayreferredto by p

adoptthetermaccespath[LarusandHilfinger 1988;
Diwanetal. 1998]to meana non-emptysequencef
accessegsspecifiedoy someaccesgxpressionn the
sourceprogram.For example the Java accessxpres-
siona.bfi].c is an accesgath. Also, without loss of
generalityour notationwill assumehatdistinctfields
within anobjecthave differentnames.

A variableis a storagelocation and hasan asso-
ciatedtype, sometimescalled its compile-timetype.
Givenanaccesgath p, thenthe compile-timetype of
p, written Typ€(p), is simply the compile-timetype of
thevariableit accessesA variablealwayscontainsa
valuethatis assignmentompatiblewith its type. A
valueof compile-timeclasstype Sis assignmentom-



patiblewith classtypeT if SandT arethe sameclass
or Sisasubclas®of T. A similar rule holdsfor array
variables:avalueof compile-timearraytype ] is as-
signmentcompatiblewith arraytype T[] if type Sis
assignabldo type T. Interfacetypesalsoyield rules
on assignability: an interfacetype S is assignabldgo
aninterfacetypeT onlyif T isthesamenterfaceasS
or asuperinterdceof S, aclasstypeSis assignabld¢o
aninterfacetypeT if SimplementsT. Finally, array
types,interfacetypesandclasstypesareall assignable
to classtypeObject.

For our purposeswe say that a type S is a sub-
typeof atype T if Sis assignabldo T.1 We write
Subtypel') to denoteall subtypesof type T; i.e.,
SubtypefT ) is thesetof all typesassignmentompat-
ible with T. Thus,anaccespathp canlegally access
objectsof type SubtypeSlypgp)). Alias analysisre-
finesthetypeof variablego whichanaccespathmay
refer If two distinctaccesgathsreferto variablesof
the sametype thenthey may be aliasesfor the same
variable.

2.2 Read and writebarriers

In an orthogonallypersistenimplementatiorof Java
accessexpressionsmay refer to both persistentand
transientobjects. Thus, every field or array access
mustbe protectedoy anappropriateébarrierappliedto
the classinstanceor arraybeingaccessedrFor exam-
ple, in the absenceof optimizations,the accesgath
a.bfi].c would require readbarrierson the classin-
stanceeferredto by a, the arrayreferredto by b and
the objectreferredto by the ith componenbof b. If
the expressiorappearsasthetamget of anassignment,
thentheobjectreferredto by a.b[i] would alsorequire
awrite barrier

Our goal is to avoid applyingbarriersto accesses
where programanalysisshavs that the barrieris re-
dundant. To do so, we must make them explicit in
theaccesgpathsandthenapply somedefinition of re-
dundang. Making barriersexplicit meansobtaining
for the sourcecodeaccessxpressioranintermediate
representatiofiR) in which the barriersareexposed.
Optimizationsthen operateon the IR to remove re-
dundantbarriers. Thus,we addbarrierexpressiongo
the original specificationof accessxpressiongyiven

ITheterm“subtype”is not usedat all in the official Jasa lan-
guagespecification[Gosling et al. 1996], presumablyto avoid
confusingthetype hierarchyinducedby the subtyperelationwith
classandinterfacehierarchies.

in Table1l. The specificationfor barrier expressions
appearsn Table2. For eachsourcecodeaccessx-
pressionTable3 givesthe form of the corresponding
explicit-barrierIR.

Table2: Barrierexpressions

| Notation | Name | Description |

readp) | Readbarrier | Apply read barrier to,
and return, object re-
ferredto by p
Apply write barrierto,
and return, object re-
ferredto by p

write(p) | Write barrier

Table3: IR for acces®xpressions

Source| Intermediateepresentation

Readaccess| Write access
p.f read p).f write(read p)).£
pli] readp)[i] | write(read p))li]

A barrier is redundantif we can guaranteethat
an earlier barrier of the samekind hasalreadybeen
appliedto the sameobject, and that the earlier bar
rier's side-efect (e.g.,to fault or dirty the object)has
not beenundone(i.e., the barrieris idempotentand
enduring. This hasimplicationsfor the interaction
of barrieroptimizationswith the persistenceun-time
system,which mustnot undothe effect of a barrier
while optimized code downstreamof the barriercan
still execute. Solving this problemrequiresa con-
tract betweenthe optimizerand the run-time system
for eachkind of barrier The contractwill dependon
the specificsof the implementationso we defer dis-
cussionof thisissueto Section3, which presentour
implementatiorfor Java. A separatgaperconsiders
theissuefrom the perspectie of the run-timesystem
[Cuttsetal. 1998].

Giventwo barrierexpressionsead p) andreadq),
if we canguarante¢hat p andq referto the sameob-
jectandthatread p) dominateseadq) thenreadq)
isredundanandcanbereplaceagimplyby g. Thecru-
cial testhereis thattwo accespathsreferto the same
object. This amountsto detectionof commonaccess
expressionsandtheoptimizationcanbeframedmuch
like classicaltechniquesor commonsubepression



elimination. In the simplestcase two lexically iden-
tical accesgathsin the samescopemustreferto the
sameobject,solong asno componenof the pathhas
beenmodifiedbetweerthefirst occurrenceof the ex-
pressiorandthesecondUnfortunatelythepossibility
of aliasesmeanghataninterveningassignmentight
changesomecomponenif the path througha lexi-
cally distinct accesgath. Shaving that intervening
assignmentglo not modify a given accesspath re-
quiresalias analysis

2.3 Type-based aliasanalysis

Type-basedliasanalysig TBAA) [Diwanetal. 1998]
assumes type-safeprogramminglanguagesuch as
Java, since it usestype declarationsto disambig-
uate references. The compile-timetype of an ac-
cesspath provides a simpleway to do this: two ac-
cesspathsp andqg may be aliasesonly if therelation
TypeDed{p,q) holds,definedas:

TypeDed{p,q) =
SubtypefTypg p)) N SubtypedType(q)) # O

A moreprecisealiasanalysiswill distinguishaccesses
to fieldsthatarethe sametypeyet distinct. Thismore
preciserelation,FieldTypeDec{p, q), is definedby in-
ductiononthe structureof p andqin Table4. Again,

Table4: FieldTypeDec{ AP, AP>)

| Case| 471 | AP, | FieldTypeDedAP1,AP,) |
p p true

pf | qg | (f=g)AFieldTypeDec|p,q)
p.£f |qfi] |false

pli] | gi] | FieldTypeDed(p,q)

p q TypeDed{p,q)

OO~ WNPFP

two accespathsp andg maybealiaseonly if there-
lation FieldTypeDec{p,q) holds. It distinguishesc-
cessesuchast.f andt.g that TypeDeclmisses.The
casesn Table4 determinghat:

1. Identicalaccespathsarealwaysaliases

2. Two field accessemay be aliasesf they access
thesamdfield of potentiallythe sameobject

3. Array accessegannotalias field accesseand
viceversa

4. Two arrayaccessearealiasesf they mayaccess
thesamearray(the subscripis ignored)

5. All otherpairsof accesexpressionsare aliases
if they have commonsubtypes

Diwan et al. [1998] further refinetype-basedlias
analysisby enumeratingall the assignmentg a pro-
gramto determinemore accuratelythe typesof ob-
jectsanaccespathmayreferencetwo variablesmay
alias an object of a given type only if thereare as-
signmentof thattypeto bothvariables. This refines
theTypeDeclrelation,whichmegesthedeclaredype
of a variablewith all of its subtypesto only meige
atype T with a subtypeSif thereactually exists an
assignmenbf Sto T in the program. Unfortunately
this requireshaving the completeprogramavailable
for analysisat the time of optimization. In general,
Java’'s useof dynamicloading,notto mentionthe pos-
sibility of natve methodsidingassignmentfom the
analysis,precludesa closedworld analysis. Still, it
maybe possibleto approximateclosedworld analysis
in a persistensystenthatstoresall classepertaining
to persistentata. Our plansfor exploring this have
beendescribecklsavhere[CuttsandHosking1997].

2.4 Partial redundancy elimination

Our approachto barrier optimizationis basedon ap-
plication of partial redundancyelimination (PRE)
[Morel andRervoise 1979]to acces®xpressionsTo
our knowledgethis is the first time PREhasbeenap-
plied to accespaths. PREis a powerful global opti-
mizationtechniquethat subsumeshe more standard
commonsubepressiorelimination(CSE).PREelim-
inatescomputationghatareonly partially redundant;
thatis, redundanbnly on some,but not all, pathsto
somelater re-computation.By insertingevaluations
onthosepathswherethe computatiordoesnot occuy
thelaterre-evaluationcanbe eliminatedandreplaced
insteadwith a useof the precomputed/alue. Thisis
illustratedin Figurel. In Figurela,botha andb are
available alongboth pathsto the mege point, where
expressiona+ b is evaluated. However, this evalua-
tion is partially redundansincea+ b is availableon
one pathto the mege but not both. By hoistingthe
secondevaluationof a+ b into the pathwhereit was
not originally available, asin Figure 1b, a+ b need
only beevaluatebncealongary paththroughthepro-
gram,ratherthantwice asbefore.
Traversinganaccespathrequiresuccesskly loa-
ding the pointer at eachmemorylocation along the
pathanddereferencing to thenext locationin these-



a a a a
b b b b
at+b t=atb t=atb
at+b t
(a) BeforePRE (b) After PRE

Figurel: PREfor arithmeticexpressions

guence.BeforeapplyingPREto accesgathexpres-
sions,onemustfirst disambiguatenemoryreferences
sufficiently to be ablesafelyto assumehatno mem-
ory locationalongthe accesgpathcanbe aliased(and
somodified)by someotherdistinctaccesgathin the
program.Considerthe examplein Figure2. The ex-
pressiore.bli].c will beredundanatsomesubsequent
re-evaluation so long as no store occursto ary one
of a, ab, i, a.b[i] or a.bi].c occurson the codepath
betweenthefirst evaluationof the expressiorandthe
second.In otherwords, if thereare potentialaliases
to ary oneof a, i, a.b, a.b[i] or a.b[i].c throughwhich
thoselocationsmaybe modifiedbetweerthefirst and
secondevaluationof the expressionthenthatsecond
evaluation cannotbe treatedas redundant. By ex-
posingreadandwrite barriersin theintermediataep-
resentatiorfor accessexpressiongartial redundang
elimination will optimize themin the sameway as
otherexpressiongFigure3).

2.5 Javaconstraintson optimization

Java’s thread and exception modelsimpose several
constraintson optimization. Exceptionsin Java are
precise whenan exceptionis thrown all effects of
statementgrior to the throw-point must appearto
have taken place,while the effects of statementaf-
ter the throw-point mustnot. This imposesa signifi-
cantconstrainton codemotion optimizationssuchas
PRE, since code with side-efects cannotbe moved
relative to codethat may throv an exception. The
thread model prevents movementof accessexpres-
sionsacrosgpossible)synchronizatiorpoints. With-
outinterproceduratontrol-flov analysighis mustin-

2Note thatif a andi arelocal variablesthenthey cannotbe
aliased.

a a a a
[ i [ i
a.b[i].c t=a.b[i].c t=a.b[i].c
a.b[il.c t
(a) BeforePRE (b) After PRE

Figure2: PREfor accessxpressions

a a a a
read(a) t =read(a) t =read(a)
read(a) t
(a) BeforePRE (b) After PRE

Figure3: PREfor barrierexpressions

cludeall methodinvocationsites,sincethe callee,or
a methodinvoked inside the callee,may be synchro-
nized. Fortunately readandwrite barriersfor orthog-
onal persistencelo not have side-efectsthatarerel-
evantto source-lgel programsemanticssotheir mo-
tion is unconstrained.

3 Implementation

Our implementatiorusesbytecode-to-bytecadclass
transformatiorto apply type-basedliasanalysisand
accesath PRE to Java classedor executionon a
modifiedversionof the PJamgAtkinson et al. 1996;
DayrésandAtkinson1997]virtual machine.

3.1 Bytecode-level classtransfor mation

The Java virtual machine(VM) specification[Lind-
holm and Yellin 1996] is intendedas the interface
betweenJara compilersand Java executionenviron-
ments. Its standardclassformat and instructionset
permitmultiple compilersto interoperatewith multi-
ple VM implementationsgnablingthe cross-platform
delivery of applicationghatis Java’s hallmark. Con-



forming classfiles generatedby any compilerwill run

in anyJava VM implementationno matterif thatim-

plementatiorinterpretsbytecodesperformsdynamic
“just-in-time” (JIT) translationto native code,or pre-
compilesJava classfiles to native objectfiles. Tar

geting compiled Java classesfor analysisand opti-

mization hasseveral advantages.First, programim-

provementsaccruesvenin theabsencef sourcecode,
andindependentlyf thecompilerandVM implemen-
tation. Second,Java classfiles retain enoughhigh-
level type informationto enableadvancedoptimiza-
tions. Finally, analyzingandoptimizingbytecodecan
be performedoff-line, permittingJIT compilersto fo-

cusonfastcodegeneratiomatherthanexpensie anal-
ysis, while also exposingopportunitiesfor fastlow-

level JIT optimizations.

We have implementedh bytecode-to-bytexeclass
transformerthat performs PRE for accessexpres-
sionsin Java. Our implementation,called BLOAT
(for Bytecodetevel Optimizationand AnalysisTool)
takes compiledJava classesadheringto the Java VM
specificatiorandgenerateransformedlassessout-
put. For eachmethod,BLOAT first builds a control-
flow graph, with an expressiontree for eachbasic
block, theninfersthe typesof local variablesandthe
operandstackat eachpointin the code[Palsbeg and
Schwartzbach1994], constructsan intermediaterep-
resentatiorbasedon static single-assignmen{SSA)
form [Cytron et al. 1991; Wolfe 1996; Briggs et al.
1997], performsSSA-basedaluenumbering[Briggs
etal. 1997]with TBAA, followedby SSA-based®RE
[Chow et al. 1997], and finisheswith generationof
new Java bytecodegor themethod.NotethatBLOAT
is astand-alon¢ool thatcanbe usedto optimizeJava
classesndependentlyf VM implementation.

3.2 Optimizationsfor PJama

PJamdAtkinsonetal. 1996]is aprototypemplemen-
tation of orthogonalpersistencéor Java beingdevel-

opedjointly by Sun MicrosystemsLaboratoriesand
Glasgav University The PJama/M is basedon the
SunJava DevelopmentKit (JDK) VM andconforms
totheJava VM specificationjt executesclassesom-
piledto thestandardytecoddnstructionsetandclass
file format. Persistencéunctionalityis providedby an
extendedAPlI, extensiongo theVVM for readandwrite

barriers,andassociatedun-time support. In the cur

rentreleaseof PJamathe readandwrite barriersare

hiddeninsidethe bytecodeshatimplementaccesex-
pressionsand methodinvocations;thesearelistedin
Table5.

Table5: Bytecodesequiringbarriers

Opcode Barrier

arraylength readon arrayoperand

athrow readon objectoperand

getfield

instanceof

Taload readon array/objecbperand
Tastoe readandwrite on array/objecbperand
putfield readandwrite on objectoperand
invokevirtual | readon objectoperand
invokespecial

involkeinterface

T=Db,s,il fdc,a

To optimizethe persistencéarriersthey mustfirst
be exposed.Thus,we have deletedthe hiddenbarrier
codefrom the implementationf the original byte-
codesandextendedthe PJamavM with two new in-
ternalbarrierbytecodesAs a classis loadedinto the
extendedPJama/M its methodsmustnow be edited
to insertthe appropriatéarrierbytecoddmmediately
beforeeachoccurrenceof the bytecodedistedin Ta-
ble 5. BLOAT supportgshis operationwith a prepro-
cessingnon-analyzinghon-optimizingyassoverthe
classto insertthe barriers. The classcanthengo on
to executein theextendedvVM. Subsequemnptimiza-
tion by BLOAT canthenoccuratary corvenienttime.
BLOAT also supportsa “way-ahead-of-time’'dption
to preprocesandoptimizeclassfiles for laterloading
by thenew PJama/M; this optionis commonlyused
to preparethe coreJava classedor loadinginto a vir-
gin PJamagersistenstore.

Thenew barrierbytecodesirespecifiedn Table6.3
Ratherthan operatingon the referenceat the top of
the stack,the new bytecodedake a stackoffsetsoas
to easdnsertionof thebarrierfor thetargetof method
invocationbytecodeswhich is alwayslocatedon the
stackat someknown offsetbelav theotheraguments

3The current PJamaprototype distinguishespointer stores
from non-pointerstoresn its implementatiorof thewrite barrieg
for reason$aving to dowith detailsof its implementatiorof heap
stabilization.To supporthis functionalitywe mustinsertandop-
timize two differentwrite barrierbytecodespnefor pointersand
onefor non-pointers.BLOAT doesin fact supportthis, but we
considetthemto be equialentfor this papersoasto demonstrate
thefull potentialfor optimizationof write barriers.



Table6: New barrierbytecodes

Operation | readbarrier
Format
read
index
Forms read= 233(0xe9)
Stack No change
Description | Theindex is an unsignedbyte between0 and 255,

inclusive. The operandstack word at offset in-
dex from the top of the stack must be of type
reference. If thatreferencds notnull thenthe
objectit referenceds checled for resideng, and

write barrier

write

index
read= 234 (0xea)
No change
Theindex is an unsignedbyte between0 and 255,
inclusive. The operandstack word at offset in-
dex from the top of the stack must be of type
reference. If thatreferenceds notnull thenthe
objectit referenceds marked dirty in the object

faultedin if it is not.

cache.

to the call. Thus, the initial preprocessingo insert
barriersneedso expensie analysis.

Asin Hosking[1997],we alsoexploit Jasra’s object-
orientedexecutionparadigmto avoid barrierson ac-
cesseso the objecton which aninstancanethodwas
invoked. Sincethetamget—accessedathethis key-
word insidetheinstancamethod—ismaderesidentat
thetime of thecall by thereadbarrierassociateavith
the “invoke” bytecodesof Table5, thereis no need
for barrierson accessesia this. The JDK compiler
storesthis in thefirstlocal variableof instancemeth-
ods, allowing BLOAT to recognizesuch accesses.
BLOAT alsorecognizeseferenceso objectsthatare
instantiatedisingthe “new” bytecodessoasto elim-
inatebarrierson accesse® newly-allocatedobjects.

3.3 Cache management

As mentionedearlier barrier optimizationsrequirea
contractwith the persistenceun-time system,which
mustnot undothe effect of a barrierwhile optimized
codecanexecutethatassumeshebarrieris still in ef-
fect. The contractwith the PJamaun-timesystemis
simple: PJamamustmaintainthe effect of both bar
riers for all objectsdirectly referencedrom a Java
threads stackframes(both operandstacksand local
variables).In otherwords,residentobjectsreferenced
directly from athreadstackmustbe pinnedin the ob-
ject cachewheneer the threadis active. Thus, the
PJamaobjectcachemanagemusteitheravoid evict-
ing pinnedobjectswhenit attemptsto reclaimcache
space,or arrangefor themto be maderesidentbe-
fore the optimizedthreadresumesexecution. Simi-
larly, dirty bits seton objectsin the cachethataredi-

rectly referencedrom athreads$ stackmustbe main-
tained, even acrossstabilizations. Clearly this con-
tracthassignificantramificationdor therun-timesys-
tem; Cuttsetal. [1998] exploretheissuedn morede-
tail.

It is possibleto refine the compile-time/run-time
contractif the compilercanprovide moredetailedin-
formationto the run-timesystemasto the barriersin
effectfor rangeof optimizedcode.Suchinformation
is similarto thestatictablessometimegrovidedto the
run-time systemfor exceptionhandlingand garbage
collection[Diwanetal. 1992;Ageseretal. 1998].

4 Experiments

To evaluatethe impact of our optimizationswe ap-
plied themto the traversalportionsof a Java imple-
mentatiorof the OO7benchmark§Carey etal. 1993],
comparingthe numberof barriersrequiredfor exe-
cution of eachbenchmarlfor unoptimizedcodever

susoptimizedcode. The classedor the OO7 bench-
marks,aswell asthe Java coreclassesisedby OO7,
were first editedby BLOAT to add the new persis-
tencebarrierbytecodes.Optimizedclasseswvere ob-
tainedfrom theseusing BLOAT's ahead-of-timeop-
timization option. Also, in orderto separateut the
impactof exposedbarrierPRE versusaccessxpres-
sionPREalonewe optimizedthe original barrierfree
classestheneditedthemto add persistencédarriers.
Thus, we obtain resultsfor three distinct configura-
tions of the OQ7 classes:unoptimizedwith barriers
(none), accespathoptimizationswithout barrierop-

timizations(access), and accesgath optimizations
with barrieroptimizationgaccess+barrier). Thedif-



ferencebetweeraccess andaccess+barrier reveals
theadwantageo be gainedby exposingthebarriersto
optimization.

4.1 Benchmarks

The OO7 benchmarkgCarey et al. 1993]arean ac-

ceptedtest of object-orienteddatabaseerformance.

They operateon a syntheticdesigndatabasegonsist-
ing of akeyedsetof compositgarts Associatedvith
eachcompositepart is a documentatiorobject con-
sisting of a small amountof text. Eachcomposite
part consistsof a graphof atomic parts with one of
the atomic partsdesignatedsthe root of the graph.
Eachatomic part hasa setof attributes,andis con-
nectedvia a bi-directionalassociatiorio several other
atomicparts.Theconnectiongreimplementedy in-
terposinga separateconnectionobjectbetweeneach
pair of connectedatomic parts. Compositepartsare
arrangedn an assembhhierarchy;eachassemblyis
eithermadeup of compositeparts(a baseassembly)
or otherassembliega comple assembly).Eachas-
semblyhierarchyis calleda module. Our resultsare
all obtainedwith the smallOO7 databaseconfigured
asin Table7.

Table7: SmallOO7 databaseonfiguration

Modules 1
Assemblylevels 7
Subassembligsercomplex assembly 3
Compositepartsperbaseassembly 3

Compositepartspermodule 500
Atomic partspercompositepart 20
Connectionperatomicpart 3
Total compositeparts 500

Total atomicparts

We usedthe following traversal operationsof the
OO7benchmarks:

1 Raw traversalspeed:iraversethe assemblyhier
archy;for eachbaseassemblyencounteredisit
eachof its unsharedcompositeparts; for each
compositepartencounteredisit its entiregraph
of atomicpartsusingdepth-firstsearchyreturna
countof thenumberof atomicpartsvisited

2 Traversalwith updatesrepeatraversall but up-
dateatomicpartsduringthetraversal(asfollows)
by swappingtwo attributes;returnthe numberof
updategerformed

(a) Updateoneatomicpartpercompositepart
encountered

(b) Updateevery atomicpartencountered

(c) Updateesachatomicpartin acompositepart
four times

3 Traversalwith indexedfield updatesrepeatrav-
ersal2, exceptthat the updateis on anindexed
attribute

6 Sparsetraversal speed: traverse the assembly
hierarchy; for eachbaseassemblyencountered
visit eachof its unsharedcompositeparts; for
each compositepart encounteredsisit just the
root atomic part; return the numberof atomic
partsvisited

42 Metrics

For eachcombinationof benchmarkandoptimization
level we measurehe numberof barrieroperationsex-
ecutedfor the benchmarkusinganinstrumentedrer
sion of the VM that reportsbytecodeexecutionfre-
gquencies.We measurednly warm executionsof the
benchmarloperationssoasto eliminatethe overhead
of bytecodesxecutedfor initialization of classesas
they aredynamicallyloadedby the VM.

4.3 Results

Theresultsaregivenin Table8, revealingthaton av-
erage83% of readbarriers,and 25% of write barri-
ers,areremovedby PREover bothaccesgxpressions
andbarrierexpressionsConsideringhe write barrier
resultsindividually, one canimmediatelyseethe im-
pactof optimizationby comparingtraversals2b and
2c,whichdiffer only in the numberof timeseachpart
is updated. The four updatesper partin 2c are per
formedin atightloop, sotheoptimizeris ableto hoist
thewrite barrierout of theloop, resultingin the same
numberof write barriersexecutedastraversal2hb.

Applying PREjustto theacces®xpressiondefore
insertionof the barriersis muchlesseffective, indicat-
ing the advantagedo be gainedfrom exposingthem
to the optimizer In otherwords, simply addingPRE
over accessxpressiongo the original PJamample-
mentation(in which the barriersareburiedinsidethe
accesdytecodes)s lesseffective at reducingbarrier
overheads.



Table8: Results

Readbarriersexecuted Write barriersexecuted
PRElevel PRElevel
Traversal none access access access|%removed| none access access access |% removed
+barrier +barrier +barrier +barrier
+this +this
1 10535707 7899406 3456590 2126883 80 495363 495363 404599 404599 18
2a 10588195 7951894 3500330 2168436 80 499737 499737 406786 406786 19
2b 10666927 8030626 3456590 2126883 80 582843 582843 448339 448339 23
2c 11191807 8555506 3456590 2170623 81 845283 845283 448339 448339 47
3a 10586008 7949707 3500330 2168436 80 497550 497550 406786 406786 18
3b 10623187 7986886 3456590 2126883 80 539103 539103 448339 448339 17
3c 11016847 8205586 3631550 2170623 80 670323 670323 448339 448339 33
6 3458575 1215934 47057 27363 99 14223 14223 10939 10939 23

5 Conclusions

Combiningtype-basedilias analysiswith partial re-
dundang elimination over accessexpressions,is a
powerful techniqudor reducingthe fundamentabar
rier overhead®f orthogonapersistencef-or the OO7
traversal benchmarkgheseoptimizationsremore a
majority of readbarriersanda significantfraction of
write barriers.We believe thesetechniquesvill prove
crucialto theachiazementof respectablperformance
by persistensystems.
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