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Abstract

Persistentprogramminglanguagesmanagevolatile
memoryasacachefor stablestorage,imposinga read
barrier on operationsthat accessthe cache,and a
write barrier on updatesto the cache.The readbar-
rier checksthe cacheresidency of the target object
while thewrite barriermarksthetargetasdirty in the
cacheto supporta write-backpolicy that defersup-
datesto stablestorageuntil eviction or stabilization.
Thesebarriersmayalsosubsumeadditionalfunction-
ality, suchas negotiation of locks on sharedobjects
to supportconcurrency control. Compilersfor persis-
tent programminglanguagesgeneratebarriercodeto
protectall accessesto possiblypersistentobjects.Or-
thogonalpersistenceimposesthis cost on every ob-
ject access,sinceall objectsarepotentiallypersistent,
at significant overheadto execution. We have de-
signedanew suiteof compileroptimizations,focusing
onpartialredundancy eliminationof pointer-basedac-
cessexpressions,thatsignificantlyreducethis impact.
Theseare implementedin an analysisandoptimiza-
tion framework for Java bytecodes,in supportof or-
thogonalpersistencefor Java. In experimentswith the
traversalportionsof theOO7benchmarksuiteourop-
timizationsreducethenumberof readandwrite barri-
ersexecutedby anaverageof 83%and25%,respec-
tively.

1 Introduction

A persistentsystem[Atkinson and Morrison 1995]
treats permanentstorageas a stable extension of
volatile memory, in which objectsmay be dynami-
cally allocated,but which persistsfrom oneprogram
invocationto thenext. A persistentprogramminglan-
guageandobjectstoretogetherpreserve objectiden-
tity: everyobjecthasauniqueidentifier(in essencean
address,possiblyabstract,in thestore),objectscanre-
fer to otherobjects,forminggraphstructures,andthey

canbemodified,with suchmodificationsvisiblein fu-
tureaccessesusingthesameuniqueobjectidentifier.

The languageprinciples of transparency and or-
thogonality have beenrepeatedlyarticulated[Atkin-
sonandMorrison1995;MossandHosking1996]as
importantin thedesignof persistentprogramminglan-
guages,enablingthefull power of thepersistenceab-
straction.Transparency meansthatfrom theprogram-
mer’s perspective accessto persistentobjects does
not requirewriting explicit codeto transferthembe-
tweenstablestoreandmainmemory. Thus,aprogram
that manipulatespersistent(or potentiallypersistent)
objects looks similar to a programconcernedonly
with transientobjects. Instead,the language’s com-
piler and/orrun-timesystemcontrive automaticallyto
cachepersistentobjectsin volatilememoryondemand
for manipulationby the program. This is somewhat
reminiscentof virtual memory:cachemissesin aper-
sistentsystemarecalledobject faults andtrigger re-
trieval of the missingobject from stablestorageinto
volatilememory.

Treatingpersistenceasorthogonal to type encour-
agestheview thata languagecanbeextendedto sup-
portpersistencewith minimaldisturbanceof its exist-
ing syntaxandstoresemantics.Thus,programmers
needaddlittle to their understandingof the language
in orderto begin writing persistentprograms.A com-
monwayto achieveorthogonalpersistenceis by treat-
ing persistentstorageasa stableextensionof thedy-
namic allocationheap. This allows a uniform and
transparenttreatmentof both transientandpersistent
data; persistenceis orthogonalto the way in which
objectsare defined(i.e., their types),allocated,and
manipulatedin theheap.

While there are a numberof techniquesfor ob-
ject faulting basedon hardwaresupportfor memory
mappingthat are transparentto the compiler [Lamb
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et al. 1991; Singhalet al. 1992; Wilson andKakkad
1992; White and DeWitt 1994], the restrictionsand
performance� degradationthatsuchapproachesimpose
are often unacceptable,resulting in a lack of con-
trol over explicit buffer management,location inde-
pendenceandtrueobjectidentity [KemperandKoss-
man 1995]. In the absenceof such hardware sup-
port for objectfaulting, compilersfor persistentpro-
gramminglanguagesmustgenerateexplicit codebe-
foreeachoperationthatmayaccessapersistentobject
to checkthat it is residentin memory, andto fault it
in if not. Similarly, to supportefficient migrationof
updatesback to stablestorage,compilersmust gen-
eratecodealongwith every operationthat updatesa
persistentobject to signal that it eventually must be
copiedbackto stablestorage,eitherwhenreplacedin
thecacheor duringstabilizationof thepersistentstore.
Thesechecksare genericallytermedthe persistence
readbarrier andwrite barrier, respectively. In gen-
eral they can subsumeadditionalfunctionality, such
asnegotiationof locksonsharedobjectsto controlfor
concurrentaccess.As such,readand write barriers
representsignificantoverheadto theexecutionof any
persistentprogram.

The performancepenalty is exacerbatedfor lan-
guagesthatprovideorthogonalpersistence,sincethey
unify thepersistentandtransientobjectaddressspaces
suchthatanygivenreferencemayreferto eitheraper-
sistentor transientobject. Sinceevery access(read
or write) might be to a persistentobject, they must
all be protectedby an appropriatebarrier. Optimiza-
tions to remove redundantbarriershave beenpostu-
lated in the pastbut have never beenfully specified
andevaluated[Richardson1990; HoskingandMoss
1990;1991;MossandHosking1995;Hosking1995;
1997].

Thispaperpresentsa completeframework for such
optimizationsbasedonpartialredundancy elimination
overpointerexpressions,describesits implementation
for orthogonalpersistencein Java, and provides ex-
perimentalevidenceof its effectivenessfor theelimi-
nationof redundantreadandwrite barriers.

2 Analysis and optimization

Our analysisand optimization framework revolves
aroundpartialredundancy eliminationoverpointerex-
pressionsthat accesspersistentobjects. We adopt
standardterminologyandnotationsusedin thespeci-

ficationof theJava programminglanguageto specify
theanalysisandoptimizationproblem.

2.1 Terminology and notation

The following definitionsparaphrasethe Java speci-
fication [Gosling et al. 1996]. An object in Java is
either a class instanceor an array. Referenceval-
ues in Java are either pointers to theseobjects or
the null reference. Both objectsand arraysare cre-
atedby expressionsthatallocateandinitialize storage
for them. The operatorson referencesto objectsare
field access,methodinvocation,casts,type compari-
son( �����	��
���
������ ), equalityoperatorsandthecondi-
tional operator. Theremaybemany referencesto the
sameobject.Objectshave mutablestate,storedin the
variablefields of classinstancesor the variableele-
mentsof arrays.Two variablesmayrefer to thesame
object:thestateof theobjectcanbemodifiedthrough
the referencestoredin one variableand then the al-
teredstateobservedthroughtheother. Accessexpres-
sionsrefer to the variablesthat comprisean object’s
state. A field accessexpressionrefers to a field of
someclassinstance,while anarrayaccessexpression
refersto a componentof an array. Table1 summa-
rizesthetwo kindsof accessexpressionsin Java. We

Table1: Accessexpressions

Notation Name Variableaccessed

p ��� Fieldaccess Field � of class instance
referredto by p

p � i � Array access Componentwith subscript
i of arrayreferredto by p

adoptthetermaccesspath[LarusandHilfinger 1988;
Diwanet al. 1998] to meana non-emptysequenceof
accesses,asspecifiedbysomeaccessexpressionin the
sourceprogram.For example,theJava accessexpres-
sion a � b � i ��� c is an accesspath. Also, without lossof
generality, ournotationwill assumethatdistinctfields
within anobjecthave differentnames.

A variable is a storagelocation and hasan asso-
ciatedtype, sometimescalled its compile-timetype.
Givenanaccesspathp, thenthecompile-timetypeof
p, writtenType� p � , is simply thecompile-timetypeof
thevariableit accesses.A variablealwayscontainsa
valuethat is assignmentcompatiblewith its type. A
valueof compile-timeclasstypeS is assignmentcom-
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patiblewith classtypeT if SandT arethesameclass
or S is a subclassof T. A similar rule holdsfor array
variables:� avalueof compile-timearraytypeS� � is as-
signmentcompatiblewith arraytype T � � if type S is
assignableto typeT. Interfacetypesalsoyield rules
on assignability:an interfacetype S is assignableto
aninterfacetypeT only if T is thesameinterfaceasS
or a superinterfaceof S; aclasstypeS is assignableto
an interfacetypeT if S implementsT. Finally, array
types,interfacetypesandclasstypesareall assignable
to classtype  �!#"��$
	� .

For our purposeswe say that a type S is a sub-
typeof a type T if S is assignableto T.1 We write
Subtypes� T � to denoteall subtypesof type T; i.e.,
Subtypes� T � is thesetof all typesassignmentcompat-
ible with T. Thus,anaccesspathp canlegally access
objectsof typeSubtypes� Type� p �%� . Alias analysisre-
finesthetypeof variablesto whichanaccesspathmay
refer. If two distinctaccesspathsrefer to variablesof
the sametype thenthey may be aliasesfor the same
variable.

2.2 Read and write barriers

In an orthogonallypersistentimplementationof Java
accessexpressionsmay refer to both persistentand
transientobjects. Thus, every field or array access
mustbeprotectedby anappropriatebarrierappliedto
theclassinstanceor arraybeingaccessed.For exam-
ple, in the absenceof optimizations,the accesspath
a � b � i ��� c would require readbarrierson the classin-
stancereferredto by a, thearrayreferredto by b and
the object referredto by the ith componentof b. If
theexpressionappearsasthetargetof anassignment,
thentheobjectreferredto by a � b � i � wouldalsorequire
awrite barrier.

Our goal is to avoid applyingbarriersto accesses
whereprogramanalysisshows that the barrier is re-
dundant. To do so, we must make them explicit in
theaccesspathsandthenapplysomedefinitionof re-
dundancy. Making barriersexplicit meansobtaining
for thesourcecodeaccessexpressionanintermediate
representation(IR) in which thebarriersareexposed.
Optimizationsthen operateon the IR to remove re-
dundantbarriers.Thus,we addbarrierexpressionsto
the original specificationof accessexpressionsgiven

1Theterm“subtype” is not usedat all in theofficial Java lan-
guagespecification[Gosling et al. 1996], presumablyto avoid
confusingthetypehierarchyinducedby thesubtyperelationwith
classandinterfacehierarchies.

in Table1. The specificationfor barrierexpressions
appearsin Table2. For eachsourcecodeaccessex-
pressionTable3 givesthe form of thecorresponding
explicit-barrierIR.

Table2: Barrierexpressions

Notation Name Description

read& p' Readbarrier Apply read barrier to,
and return, object re-
ferredto by p

write & p' Write barrier Apply write barrier to,
and return, object re-
ferredto by p

Table3: IR for accessexpressions

Source Intermediaterepresentation
Readaccess Write access

p ��� read& p'%� � write & read& p'(')���
p � i � read& p'*� i � write & read& p'('+� i �

A barrier is redundantif we can guaranteethat
an earlierbarrierof the samekind hasalreadybeen
appliedto the sameobject, and that the earlier bar-
rier’s side-effect (e.g.,to fault or dirty theobject)has
not beenundone(i.e., the barrier is idempotentand
enduring). This hasimplicationsfor the interaction
of barrieroptimizationswith thepersistencerun-time
system,which must not undo the effect of a barrier
while optimizedcodedownstreamof the barriercan
still execute. Solving this problemrequiresa con-
tract betweenthe optimizerand the run-timesystem
for eachkind of barrier. Thecontractwill dependon
the specificsof the implementationso we deferdis-
cussionof this issueto Section3, which presentsour
implementationfor Java. A separatepaperconsiders
the issuefrom theperspective of therun-timesystem
[Cuttset al. 1998].

Giventwo barrierexpressionsread� p � andread� q� ,
if we canguaranteethat p andq referto thesameob-
ject andthat read� p � dominatesread� q� thenread� q �
is redundantandcanbereplacedsimplybyq. Thecru-
cial testhereis thattwo accesspathsreferto thesame
object. This amountsto detectionof commonaccess
expressions,andtheoptimizationcanbeframedmuch
like classicaltechniquesfor commonsubexpression
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elimination. In the simplestcase,two lexically iden-
tical accesspathsin thesamescopemustrefer to the
same, object,solong asno componentof thepathhas
beenmodifiedbetweenthefirst occurrenceof theex-
pressionandthesecond.Unfortunately, thepossibility
of aliasesmeansthataninterveningassignmentmight
changesomecomponentof the path througha lexi-
cally distinct accesspath. Showing that intervening
assignmentsdo not modify a given accesspath re-
quiresaliasanalysis.

2.3 Type-based alias analysis

Type-basedaliasanalysis(TBAA) [Diwanetal.1998]
assumesa type-safeprogramminglanguagesuchas
Java, since it uses type declarationsto disambig-
uate references. The compile-time type of an ac-
cesspathprovidesa simpleway to do this: two ac-
cesspathsp andq maybealiasesonly if therelation
TypeDecl� p - q � holds,definedas:

TypeDecl� p - q �/.
Subtypes� Type� p �%�10 Subtypes� Type� q �%�324 /0

A moreprecisealiasanalysiswill distinguishaccesses
to fieldsthatarethesametypeyetdistinct.Thismore
preciserelation,FieldTypeDecl� p - q� , is definedby in-
ductionon thestructureof p andq in Table4. Again,

Table4: FieldTypeDecl�6587 1 -95:7 2 �
Case ;=< 1 ;=< 2 FieldTypeDecl&>;=< 1 ? ;=< 2 '
1 p p true
2 p � � q � @ & f A g'�B FieldTypeDecl& p ? q'
3 p � � q � i � false
4 p � i � q � j � FieldTypeDecl& p ? q'
5 p q TypeDecl& p ? q'

two accesspathsp andq maybealiasesonly if there-
lation FieldTypeDecl� p - q� holds. It distinguishesac-
cessessuchast �C� andt �CD thatTypeDeclmisses.The
casesin Table4 determinethat:

1. Identicalaccesspathsarealwaysaliases

2. Two field accessesmaybealiasesif they access
thesamefield of potentiallythesameobject

3. Array accessescannotalias field accessesand
viceversa

4. Two arrayaccessesarealiasesif they mayaccess
thesamearray(thesubscriptis ignored)

5. All otherpairsof accessexpressionsarealiases
if they have commonsubtypes

Diwan et al. [1998] further refinetype-basedalias
analysisby enumeratingall theassignmentsin a pro-
gram to determinemore accuratelythe typesof ob-
jectsanaccesspathmayreference:two variablesmay
alias an object of a given type only if thereare as-
signmentsof that type to bothvariables.This refines
theTypeDeclrelation,whichmergesthedeclaredtype
of a variablewith all of its subtypes,to only merge
a type T with a subtypeS if thereactuallyexists an
assignmentof S to T in the program. Unfortunately,
this requireshaving the completeprogramavailable
for analysisat the time of optimization. In general,
Java’suseof dynamicloading,notto mentionthepos-
sibility of nativemethodshidingassignmentsfrom the
analysis,precludesa closedworld analysis. Still, it
maybepossibleto approximateclosedworld analysis
in a persistentsystemthatstoresall classespertaining
to persistentdata. Our plansfor exploring this have
beendescribedelsewhere[CuttsandHosking1997].

2.4 Partial redundancy elimination

Our approachto barrieroptimizationis basedon ap-
plication of partial redundancyelimination (PRE)
[Morel andRenvoise1979]to accessexpressions.To
our knowledgethis is thefirst time PREhasbeenap-
plied to accesspaths.PREis a powerful globalopti-
mizationtechniquethat subsumesthe morestandard
commonsubexpressionelimination(CSE).PREelim-
inatescomputationsthatareonly partially redundant;
that is, redundantonly on some,but not all, pathsto
somelater re-computation.By insertingevaluations
on thosepathswherethecomputationdoesnot occur,
thelaterre-evaluationcanbeeliminatedandreplaced
insteadwith a useof the precomputedvalue. This is
illustratedin Figure1. In Figure1a,botha andb are
availablealongboth pathsto the merge point, where
expressiona E b is evaluated. However, this evalua-
tion is partially redundantsincea E b is availableon
onepathto the merge but not both. By hoistingthe
secondevaluationof a E b into thepathwhereit was
not originally available, as in Figure1b, a E b need
onlybeevaluatedoncealongany paththroughthepro-
gram,ratherthantwiceasbefore.

Traversinganaccesspathrequiressuccessively loa-
ding the pointer at eachmemorylocation along the
pathanddereferencingit to thenext locationin these-
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a+b

b b
a+b

aa

t

b b
t = a+b t = a+b

aa

(a)BeforePRE (b) After PRE

Figure1: PREfor arithmeticexpressions

quence.BeforeapplyingPREto accesspathexpres-
sions,onemustfirst disambiguatememoryreferences
sufficiently to beablesafelyto assumethatno mem-
ory locationalongtheaccesspathcanbealiased(and
somodified)by someotherdistinctaccesspathin the
program.Considertheexamplein Figure2. Theex-
pressiona � b � i ��� c will beredundantatsomesubsequent
re-evaluationso long as no storeoccursto any one
of a, a � b, i, a � b � i � or a � b � i ��� c occurson the codepath
betweenthefirst evaluationof theexpressionandthe
second.In otherwords, if therearepotentialaliases
to any oneof a, i, a � b, a � b � i � or a � b � i ��� c throughwhich
thoselocationsmaybemodifiedbetweenthefirst and
secondevaluationof theexpression,thenthatsecond
evaluationcannotbe treatedas redundant.2 By ex-
posingreadandwrite barriersin theintermediaterep-
resentationfor accessexpressionspartial redundancy
elimination will optimize them in the sameway as
otherexpressions(Figure3).

2.5 Java constraints on optimization

Java’s threadand exception models imposeseveral
constraintson optimization. Exceptionsin Java are
precise: when an exception is thrown all effects of
statementsprior to the throw-point must appearto
have taken place,while the effectsof statementsaf-
ter the throw-point mustnot. This imposesa signifi-
cantconstrainton codemotionoptimizationssuchas
PRE, sincecodewith side-effects cannotbe moved
relative to code that may throw an exception. The
threadmodel prevents movementof accessexpres-
sionsacross(possible)synchronizationpoints. With-
outinter-proceduralcontrol-flow analysisthismustin-

2Note that if a and i are local variablesthenthey cannotbe
aliased.

a.b[i].c

a.b[i].c

a
i

a
i

t = a.b[i].c

t

a
i

a
i

t = a.b[i].c

(a)BeforePRE (b) After PRE

Figure2: PREfor accessexpressions

a a
read(a)

read(a)

a a
t = read(a) t = read(a)

t

(a)BeforePRE (b) After PRE

Figure3: PREfor barrierexpressions

cludeall methodinvocationsites,sincethecallee,or
a methodinvoked insidethe callee,may be synchro-
nized.Fortunately, readandwrite barriersfor orthog-
onalpersistencedo not have side-effects that arerel-
evantto source-level programsemantics,sotheir mo-
tion is unconstrained.

3 Implementation

Our implementationusesbytecode-to-bytecode class
transformationto apply type-basedaliasanalysisand
accesspath PRE to Java classesfor executionon a
modifiedversionof thePJama[Atkinson et al. 1996;
DayǹesandAtkinson1997]virtual machine.

3.1 Bytecode-level class transformation

The Java virtual machine(VM) specification[Lind-
holm and Yellin 1996] is intendedas the interface
betweenJava compilersandJava executionenviron-
ments. Its standardclassformat and instructionset
permitmultiplecompilersto inter-operatewith multi-
pleVM implementations,enablingthecross-platform
delivery of applicationsthat is Java’s hallmark. Con-
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formingclassfilesgeneratedby anycompilerwill run
in anyJava VM implementation,no matterif thatim-
plementation, interpretsbytecodes,performsdynamic
“just-in-time” (JIT) translationto native code,or pre-
compilesJava classfiles to native object files. Tar-
geting compiled Java classesfor analysisand opti-
mizationhasseveral advantages.First, programim-
provementsaccrueevenin theabsenceof sourcecode,
andindependentlyof thecompilerandVM implemen-
tation. Second,Java classfiles retain enoughhigh-
level type informationto enableadvancedoptimiza-
tions. Finally, analyzingandoptimizingbytecodecan
beperformedoff-line, permittingJIT compilersto fo-
cusonfastcodegenerationratherthanexpensiveanal-
ysis, while alsoexposingopportunitiesfor fast low-
level JIT optimizations.

Wehaveimplementedabytecode-to-bytecodeclass
transformerthat performs PRE for accessexpres-
sions in Java. Our implementation,called BLOAT
(for Bytecode-Level OptimizationandAnalysisTool)
takescompiledJava classesadheringto theJava VM
specificationandgeneratestransformedclassesasout-
put. For eachmethod,BLOAT first builds a control-
flow graph, with an expressiontree for eachbasic
block, theninfers the typesof local variablesandthe
operandstackat eachpoint in thecode[Palsberg and
Schwartzbach1994], constructsan intermediaterep-
resentationbasedon static single-assignment(SSA)
form [Cytron et al. 1991; Wolfe 1996; Briggs et al.
1997],performsSSA-basedvaluenumbering[Briggs
etal. 1997]with TBAA, followedby SSA-basedPRE
[Chow et al. 1997], and finisheswith generationof
new Javabytecodesfor themethod.NotethatBLOAT
is a stand-alonetool thatcanbeusedto optimizeJava
classesindependentlyof VM implementation.

3.2 Optimizations for PJama

PJama[Atkinsonetal.1996]is aprototypeimplemen-
tationof orthogonalpersistencefor Java beingdevel-
opedjointly by Sun MicrosystemsLaboratoriesand
Glasgow University. The PJamaVM is basedon the
SunJava DevelopmentKit (JDK) VM andconforms
to theJava VM specification;it executesclassescom-
piledto thestandardbytecodeinstructionsetandclass
file format.Persistencefunctionalityis providedby an
extendedAPI, extensionsto theVM for readandwrite
barriers,andassociatedrun-timesupport. In thecur-
rent releaseof PJama,the readandwrite barriersare

hiddeninsidethebytecodesthatimplementaccessex-
pressionsandmethodinvocations;thesearelisted in
Table5.

Table5: Bytecodesrequiringbarriers

Opcode Barrier
arraylength readonarrayoperand
athrow readonobjectoperand
getfield
instanceof
Taload readonarray/objectoperand
Tastore readandwrite onarray/objectoperand
putfield readandwrite onobjectoperand
invokevirtual readonobjectoperand
invokespecial
invokeinterface

T A b, s, i, l, f, d, c, a

To optimizethepersistencebarriersthey mustfirst
beexposed.Thus,we have deletedthehiddenbarrier
codefrom the implementationsof the original byte-
codesandextendedthePJamaVM with two new in-
ternalbarrierbytecodes.As a classis loadedinto the
extendedPJamaVM its methodsmustnow beedited
to inserttheappropriatebarrierbytecodeimmediately
beforeeachoccurrenceof thebytecodeslisted in Ta-
ble 5. BLOAT supportsthis operationwith a prepro-
cessing(non-analyzing,non-optimizing)passover the
classto insertthe barriers. The classcanthengo on
to executein theextendedVM. Subsequentoptimiza-
tion by BLOAT canthenoccuratany convenienttime.
BLOAT alsosupportsa “way-ahead-of-time”option
to preprocessandoptimizeclassfiles for laterloading
by thenew PJamaVM; this optionis commonlyused
to preparethecoreJava classesfor loadinginto a vir-
gin PJamapersistentstore.

Thenew barrierbytecodesarespecifiedin Table6.3

Ratherthan operatingon the referenceat the top of
thestack,thenew bytecodestake a stackoffsetsoas
to easeinsertionof thebarrierfor thetargetof method
invocationbytecodes,which is alwayslocatedon the
stackatsomeknown offsetbelow theotherarguments

3The current PJamaprototype distinguishespointer stores
from non-pointerstoresin its implementationof thewrite barrier,
for reasonshaving to dowith detailsof its implementationof heap
stabilization.To supportthis functionalitywemustinsertandop-
timize two differentwrite barrierbytecodes,onefor pointersand
onefor non-pointers.BLOAT doesin fact supportthis, but we
considerthemto beequivalentfor thispapersoasto demonstrate
thefull potentialfor optimizationof write barriers.
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Table6: New barrierbytecodes

Operation
F

readbarrier write barrier
Format

read
index

write
index

Forms read A 233(0xe9) read A 234(0xea)
Stack No change No change
Description The index is anunsignedbytebetween0 and255,

inclusive. The operandstack word at offset in-
dex from the top of the stack must be of typeG�H � H�GIHKJ�L	H . If that referenceis not J�M�N�N thenthe
object it referencesis checked for residency, and
faultedin if it is not.

The index is anunsignedbytebetween0 and255,
inclusive. The operandstack word at offset in-
dex from the top of the stack must be of typeGIH � H�GIHOJ�L�H . If that referenceis not J	M�N�N thenthe
object it referencesis marked dirty in the object
cache.

to the call. Thus, the initial preprocessingto insert
barriersneedsnoexpensive analysis.

As in Hosking[1997],wealsoexploit Java’sobject-
orientedexecutionparadigmto avoid barrierson ac-
cessesto theobjecton which aninstancemethodwas
invoked.Sincethetarget—accessedvia the �1P���� key-
word insidetheinstancemethod—ismaderesidentat
thetimeof thecall by thereadbarrierassociatedwith
the “invoke” bytecodesof Table5, thereis no need
for barrierson accessesvia �IP���� . TheJDK compiler
stores�1P���� in thefirst localvariableof instancemeth-
ods, allowing BLOAT to recognizesuch accesses.
BLOAT alsorecognizesreferencesto objectsthatare
instantiatedusingthe“new” bytecodes,soasto elim-
inatebarriersonaccessesto newly-allocatedobjects.

3.3 Cache management

As mentionedearlier, barrieroptimizationsrequirea
contractwith the persistencerun-timesystem,which
mustnot undotheeffect of a barrierwhile optimized
codecanexecutethatassumesthebarrieris still in ef-
fect. Thecontractwith thePJamarun-timesystemis
simple: PJamamustmaintainthe effect of both bar-
riers for all objectsdirectly referencedfrom a Java
thread’s stackframes(both operandstacksand local
variables).In otherwords,residentobjectsreferenced
directly from a threadstackmustbepinnedin theob-
ject cachewhenever the threadis active. Thus, the
PJamaobjectcachemanagermusteitheravoid evict-
ing pinnedobjectswhenit attemptsto reclaimcache
space,or arrangefor them to be maderesidentbe-
fore the optimizedthreadresumesexecution. Simi-
larly, dirty bits seton objectsin thecachethataredi-

rectly referencedfrom a thread’s stackmustbemain-
tained,even acrossstabilizations. Clearly, this con-
tracthassignificantramificationsfor therun-timesys-
tem;Cuttset al. [1998]exploretheissuesin morede-
tail.

It is possibleto refine the compile-time/run-time
contractif thecompilercanprovide moredetailedin-
formationto the run-timesystemasto thebarriersin
effect for rangesof optimizedcode.Suchinformation
is similarto thestatictablessometimesprovidedto the
run-timesystemfor exceptionhandlingandgarbage
collection[Diwanet al. 1992;Agesenetal. 1998].

4 Experiments

To evaluatethe impact of our optimizationswe ap-
plied themto the traversalportionsof a Java imple-
mentationof theOO7benchmarks[Carey etal.1993],
comparingthe numberof barriersrequiredfor exe-
cution of eachbenchmarkfor unoptimizedcodever-
susoptimizedcode. The classesfor the OO7 bench-
marks,aswell astheJava coreclassesusedby OO7,
were first editedby BLOAT to add the new persis-
tencebarrierbytecodes.Optimizedclasseswereob-
tainedfrom theseusingBLOAT’s ahead-of-timeop-
timization option. Also, in order to separateout the
impactof exposedbarrierPREversusaccessexpres-
sionPREalonewe optimizedtheoriginal barrier-free
classes,theneditedthemto addpersistencebarriers.
Thus, we obtain resultsfor threedistinct configura-
tions of the OO7 classes:unoptimizedwith barriers
(none), accesspathoptimizationswithout barrierop-
timizations(access), and accesspathoptimizations
with barrieroptimizations(access+barrier). Thedif-
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ferencebetweenaccess andaccess+barrier reveals
theadvantageto begainedby exposingthebarriersto
optimization.�

4.1 Benchmarks

The OO7 benchmarks[Carey et al. 1993] arean ac-
ceptedtest of object-orienteddatabaseperformance.
They operateon a syntheticdesigndatabase,consist-
ing of akeyedsetof compositeparts. Associatedwith
eachcompositepart is a documentationobject con-
sisting of a small amountof text. Eachcomposite
part consistsof a graphof atomicparts with oneof
the atomicpartsdesignatedasthe root of the graph.
Eachatomicpart hasa setof attributes,and is con-
nectedvia a bi-directionalassociationto severalother
atomicparts.Theconnectionsareimplementedby in-
terposinga separateconnectionobjectbetweeneach
pair of connectedatomicparts. Compositepartsare
arrangedin an assemblyhierarchy;eachassemblyis
eithermadeup of compositeparts(a baseassembly)
or otherassemblies(a complex assembly).Eachas-
semblyhierarchyis calleda module. Our resultsare
all obtainedwith thesmallOO7database,configured
asin Table7.

Table7: SmallOO7databaseconfiguration

Modules 1
Assemblylevels 7
Subassembliespercomplex assembly 3
Compositepartsperbaseassembly 3
Compositepartspermodule 500
Atomic partspercompositepart 20
Connectionsperatomicpart 3
Totalcompositeparts 500
Totalatomicparts 10000

We usedthe following traversaloperationsof the
OO7benchmarks:

1 Raw traversalspeed:traversetheassemblyhier-
archy; for eachbaseassemblyencounteredvisit
eachof its unsharedcompositeparts; for each
compositepartencounteredvisit its entiregraph
of atomicpartsusingdepth-firstsearch;returna
countof thenumberof atomicpartsvisited

2 Traversalwith updates:repeattraversal1 but up-
dateatomicpartsduringthetraversal(asfollows)
by swappingtwo attributes;returnthenumberof
updatesperformed

(a) Updateoneatomicpartpercompositepart
encountered

(b) Updateeveryatomicpartencountered

(c) Updateeachatomicpartin acompositepart
four times

3 Traversalwith indexedfield updates:repeattrav-
ersal2, except that the updateis on an indexed
attribute

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

4.2 Metrics

For eachcombinationof benchmarkandoptimization
level wemeasurethenumberof barrieroperationsex-
ecutedfor the benchmarkusingan instrumentedver-
sion of the VM that reportsbytecodeexecutionfre-
quencies.We measuredonly warmexecutionsof the
benchmarkoperations,soasto eliminatetheoverhead
of bytecodesexecutedfor initialization of classesas
they aredynamicallyloadedby theVM.

4.3 Results

Theresultsaregiven in Table8, revealingthaton av-
erage83% of readbarriers,and25% of write barri-
ers,areremovedby PREoverbothaccessexpressions
andbarrierexpressions.Consideringthewrite barrier
resultsindividually, onecanimmediatelyseethe im-
pactof optimizationby comparingtraversals2b and
2c,whichdiffer only in thenumberof timeseachpart
is updated.The four updatesper part in 2c areper-
formedin a tight loop,sotheoptimizeris ableto hoist
thewrite barrierout of theloop, resultingin thesame
numberof write barriersexecutedastraversal2b.

Applying PREjust to theaccessexpressionsbefore
insertionof thebarriersis muchlesseffective, indicat-
ing the advantagesto be gainedfrom exposingthem
to theoptimizer. In otherwords,simply addingPRE
over accessexpressionsto the original PJamaimple-
mentation(in which thebarriersareburied insidethe
accessbytecodes)is lesseffective at reducingbarrier
overheads.
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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-basedaliasanalysiswith partial re-
dundancy elimination over accessexpressions,is a
powerful techniquefor reducingthefundamentalbar-
rier overheadsof orthogonalpersistence.For theOO7
traversal benchmarkstheseoptimizationsremove a
majority of readbarriersanda significantfraction of
write barriers.Webelieve thesetechniqueswill prove
crucialto theachievementof respectableperformance
by persistentsystems.
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