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Abstract

Conventionalmobile-coderepresentations,e.g. Java bytecode,provide machine-inde-
pendenceandtype-safety, but do so at theexpenseof performance.This performancehit
canbe taken in the form of decreased throughput or in increased latency. SafeTSAwas
designedto reducethisperformancehit, especiallywhenproducinghigh-qualityoptimized
machinecode.It doesthis by utilizing SSAform andthusshifting dataflow analysiseffort
from theonlineJIT compilerto theoffline producerof thesafeTSAprogram.

Thispaperdescribestheextensionof safeTSAto supportagreatershiftingof optimiza-
tion effort awayfrom theonlineJIT compiler, increasetheperformance,withoutsacrificing
type-safetyor machine-independence. Specifically, we describemechanismsto reducethe
costof onlineregisterallocationthroughoffline analysis,andto useoffline escapeanalysis
sotheonlineJIT compilercanproducelessheapallocations.

1 The SafeTSARepresentation

SafeTSA[ADvRF01] is averifiabletypesafeintermediaterepresentationdesignedasamachine
independentintermediaterepresentationwhich is bothtrivial to verify andeasyto translateinto
optimizedmachinecode.SafeTSAachievesthis throughthenovel combinationof severalkey
features:the control structuretree, instructionsin SSA form, dominator-basedreferentialin-
tegrity, type safetythroughtype separation,a type systemextendedto supportkey optimiza-
tions,andacarefullychoseninstructionset.

Figure1(b)containsagraphicaldepictionof thesafeTSArepresentationproducedfrom the
sourceprogramin Figure1(a). It will be referredto in the following discussionof safeTSA’s
key features.

Ratherthanallowing arbitrarybranchinstructions,safeTSAconveys theprogram’s control
flow througha treeof high-level controlstructureelementscloselyparallelingthoseof theJava
sourcelanguage.Thiscontrol structure tree canbeseendepictedasthelargefont boxesandthe
connectinglinesin Figure1(b);asafirst approximation,thecontrolstructuretreecanbethought
of asamethod’sabstractsyntaxtreewith its expressionsremoved.Theuseof controlstructure
treesrestrictssafeTSAmethods’controlflow graphsto well definedsubsetof reduciblecontrol
flow graphs.This simplifiesthemachine-specificcodegenerationandoptimizationaswell as
thedominatortreederivation.

Static single assignment form is astate-of-the-artintermediaterepresentationfor optimizing
compilers.By basingsafeTSAon SSAform, we leveragethe benefitsof SSAduring the JIT
compilationbut shift offline thecostsof producingSSAform. Thekey featureof SSAform is
thateach‘variable’whichmaybeusedin theprogram’sSSArepresentationmayonly bedefined
atasinglelocationin therepresentation.Thiscanbeseendepictedin Figure1(b)astheunique
variableon theleft-handsideof eachinstruction.

Sometimes,however, the input of anoperationshouldcomefrom differentsourceinstruc-
tionsdependingon thecontrolflow paththroughwhich theexecutionarrivedat thatoperation



public class A {
int f1;
int f2;

}
public class B {

static int foo (A a) {
int sum = a.f1;
int i = 1;
while (i < 10) {

sum += sum;
i++;

}
}
return sum * a.f2;

}

(a) sourcecode

body

i3 := add−int i1:int i1:int
i4 := inc−int i2:int

i5 := getfield A.f2 sA0:sA
i6 := mul−int i1:int i5:int

RETURN/use=i6:int

METHOD−ENTER: foo

BLOCK

WHILE

join

head

BLOCK

i1 := phi−int
i2 := phi−int

phiinput i0:int 1:int

sA0 := nullcheck A arg0:A
i0 := getfield A.f1 sA0:sA

b0 := lt−int i2:int 10:int

BLOCK

phiinput i3:int i4:intBLOCK

cond/use=b0:bool

(b) translatedto safeTSA

Figure1: An Exampleprogram

(for example,theuseof aloopvariablein theloopconditionshouldreferto theloopvariableini-
tializer on thefirst iteration,but theloop variableincrementon subsequentiterations,but these
areseparateSSAvariables),soSSAprovidesspecial� instructionsat CFG join nodeswhose
resultvariablerepresentsalternative inputvariablesdependingon whichedgeof theCFGnode
theexecutionfollowedto reachthe join node.As canbeseenin Figure1(b), safeTSAmakes
a separate“phi-input” at eachlocationwherecontrol canbe transferedto the join node;each

� -inputhasasmany operandsasthereare � s in thejoin node.
An importantpropertyof acorrectSSAprogramrepresentationis that,for all instructionsA

andB, if A uses,asaninput,theresultvariableof B, A mustbedominatedby B1. Thisproperty,
which we call referential integrity, is thenecessaryandsufficient conditionthatall variablesin
anSSAprogramaredefinedbeforethey areusedon everypossiblepaththroughtheCFG.The
serializedsafeTSAencoding[ADvRF01] enforcesthis propertystatically by referencingthe
inputvariablesof anoperationusingarelativeaddressingschemewhichonly assignsaddresses
to variablesdefinedby operationswhich dominatethis usingoperation.(Becausethis relative
addressingchangesfor every instruction,it is not depictedin Figure1(b).)

SafeTSAsimplifiestypecheckingthroughtype separation andexplicit castoperations.Ob-
ject orientedsourcelanguageswill normally allow a subtypeto be usedanywherethe parent

1For � instructionstheuseof the input variableis consideredto occurat theendof eachof theblockswhich
precedethe join nodein theCFG.The outputvariabledefinedby the � instruction(s),however, is consideredto
occurat thetop of its join node.In safeTSA,this is implementedthroughtheexistence� -inputsthatareseparated
from thephi at thejoin node.



typeis used.In contrast,safeTSAmaintainsa separatenamespacefor variablesof eachtype:
everyoperationthatdefinesa resultvariabledefinesthatvariableto beof a particulartype,and
every operationthatusesa variablecanonly refer to variablesof thecorrectinput type. Type
separationis depictedin Figure1(b) in thenamingconventionof theSSAoutputvariables,and
in the “: type” notationon the input variables;type separationrequiresthat input andoutput
variabletypesmatcheachinstruction’s type signatureexactly. If a subtypemustbe usedas
a type an explicit castis placedin the programrepresentationasan instructionthat takesthe
subtypevariableasinputandproducesthetypeasits outputvariable.If, whentheJIT compiler
processesthe method,this castcanbe verified to alwaysbe correct(by consultingthe virtual
machine’sclasshierarchy),thenit will producenoexecutablecode,but if thecorrectnesscannot
beguarantied(e.g. a castfrom a type to a subtype),a dynamiccheckwill benecessary. This
combinationof SSA form andsyntactictype separationis trivial to verify, but it, alongwith
referentialintegrity, replacesthecomplex stack-basedtype-inferencerequiredby Javabytecode
verification.

The type systemof safeTSAis, at its core, the sameas that of Java and Java bytecode.
It allows the sametypesof objectsin the garbagecollectedvirtual machine’s heap,and the
SSAvariabletypesmaybeany of theJava primitive types(int, float, etc.) or a referencetype
restrictedto instancesof a particularclasstype,a particularinterfacetype,or a particulararray
type,accordingto thesamerulesgoverningJava referencetypes.But thesafeTSAtype system
hasalso beenextended to support optimization. In particular, for eachJava referencetype,
safeTSAaddsa ‘safe’ referencetype,which canonly be producedby a null-checkoperation.
All operationswhich act on the heapobject requirethe null-checked ’safe’ referencetype as
input. As a consequencethenull-checkcanbesafelyseparatedfrom theaccessusingthenull-
checkedreference,allowing someclassesof redundantnull-checksto beoptimizedawaywhen
thesafeTSArepresentationis produced.An exampleof this canbeseenin Figure1(b), where
the first getfield requiresa nullcheckto convert the argumentfrom type ‘A’ to ‘sA’, but the
secondis ableto usethe‘sA0’ variable,which is alreadyknown to besafe.Similarly, separate
typesareaddedto representtheresultsof arraybounds-checks.

While the SSA representation’s type safetyis preserved throughtype separation,the in-
struction set of safeTSAwascarefullychosen to maintain the type/memory safety of the heap
space. ThesafeTSAinstructionsetcanbedivided into two mainclasses.Thefirst classcon-
tainsthoseoperationswhicharefunctional(i.e. takezeroor moreinputsandproduceanoutput
basedsolelyon thoseinputs);this includesprimitivecomputation(e.g. integeradd),casts,and
checks;theeffectsof theseinstructionsareentirelycapturedtheSSAmodel.Thesecondclass
of instructionsinteractswith thevirtual machine(in particular, thegarbagecollectedheapspace
andtheclassloader).This secondclassincludesbothfield andarraymanipulation,aswell as
methodandconstructorinvocation. The getfield in Figure1(b) is an exampleof this second
class. Theseoperationscloselyfollow the semanticsof their JVML counterpartsandenforce
thesametype/memorysafetyinvariants.

2 RegisterAllocation

BecausesafeTSAisamachine-independentintermediaterepresentation,registerallocationmust
beperformedonlineby theJIT compiler. Thisdoesnotmean,however, thattheoffline producer
cannotprovideinformationto theonlineregisterallocator. Thispaperproposestwo suchmech-
anisms. The first is a specialkill function which marksthe live rangeend(s)of eachSSA
variable.Thesecondis a spill rankingfor eachvalue.

Dynamically, the semanticsof the kill function canbe thoughtof asdeletinga particular



SSA variable. Statically, it makes the variableinaccessiblefrom any potential-usepoint in
theprogramfor which thereexistsa paththroughtheprogram’s CFGwhich startsat theSSA
variabledefinition,goesthroughthekill function,andreachesthepotential-usepoint without
passingthroughthedefinitionagain.

Thesefunctionscanthenbe usedto mark the endof live ranges.In linear non-branching
code,they shouldbeplacedimmediatelyafter the lastuseof eachvariable.In thepresenceof
join nodes,however, in orderto ensurethat deadvariablesarenot used,we modify our SSA
representationandrequirethatall liveSSAvariablesbeexplicitly mentionedateveryjoin node,
sothatit canbeverifiedthattheselivevariableshavenotbeenkilled onany of thebranchesinto
the join node. This canbe addedto theexisting safeTSAchecksfor referentialintegrity with
little additionalcomplexity.

Thelive rangeinformationprovidedby thecodeproducercanerr conservatively (in that it
doesn’t kill off variablesassoonasthey couldbe),but thisresultsin wastingregistersratherthan
usingonetwice,andthusposesno risk to thevirtual machine’s typeandmemoryinvariants.

Thus,utilizing thesekill functions(andassumingno spills arenecessary),the registeral-
locatorcansimply walk throughthe programtrack the live variablesat eachpoint, addingat
definitions,anddeletingatkills, assigningregistersandproducing,in lineartimeagoodregister
allocation,similar to that found in [PS99]. Alternatively, the live rangeandconflict graphcan
beusedasinput for amoretimeconsuminggraphcoloringallocation.

The other proposedmechanismto enhanceregister allocationis with what we call spill
ranking, that is rankingat eachvariableaccordingto anestimateof how muchits spilling will
hurt programperformance.Theoffline codeproducercanperformexpensiveanalysesto try to
determineaccurateestimates.Theonly thing that is requiredof theJIT compiler, however, is
to utilize its knowledgeof the numberof availableregistersandits knowledgeof how many
variablesare live at eachpoint, and spill as many variablesas necessary. As suggestedin
[KC01], thismaybeusefulfor amoreefficientprioritizedgraphcoloring.Spill rankingmaybe
combinedwith a copy function, to allow theoffline safeTSAproducerto split live rangesand
assigndifferentspill rankingto eachliverangesegment.

3 EscapeAnalysis

Escapeanalysisis supportedby extendingthe safeTSAtype systemwith additional‘bound’
referencetypes,whicharetreatedsimilarly to thenull-checked‘safe’ types.Therearetwo vari-
etiesof boundreferencetypes:object-boundandcall-stack-bound,eachof whichexistsin null-
checked andnon-null-checked versions. Offline escapeanalysisis usedto specializeregular
referencetypesinto theboundreferencetypes.ThesafeTSAtypesystemis thenusedto restrict
the usesof theseboundreferencetypes. Call-stack-boundreferencesarethe mostrestricted;
they canbe usedwithin a methodor passedasargumentsof the appropriatecall-stack-bound
referencetype,but they maynever bewritten to any field or returnedfrom a method.Object-
boundreferencesmaybecastto call-stack-boundreferencetypes,storedto object-boundfields
of the ‘this’ object, andpassedasargumentsof the appropriateobject-boundreferencetype
to othermethodsof the sameclass. Theseextra typesarecoupledwith specialallocationin-
structions:a stackalloc,anobjectalloc.Thestackallockinstructionresultsin a variableof the
null-checked call-stack-boundreferencetype, and the objectallocresultsin a variableof the
null-checked object-boundreferencetype. Thus,the type systemenforcesthe invariantsthat
stackalloc’edobjectsdo not live longerthanthecreatingmethod’s call-frameandthat theob-
jectalloc’edobjectsdo notoutlastthe‘this’ object.



a)

public class A {
int y;
public void foo(){
SObject O = new SObject();
O.do1();
O.x = 15;
O.do2();
subdo(O);

}
private void subdo(SObject O){
y = O.x;

}
}

b)

method foo
3: xcall eob-SObject #Class init
4: xupcast eob-SObject #eob-SObject #(3)
5: xdispatch #eob-SObject #(4) do1
7: setfield #eob-SObject #(4) x 15
9: xdispatch #eob-SObject #(4) do2
10: xdispatch #A #this subdo #(4)

method subdo
11: xupcast eob-SObject #eob-SObject p
12: getfield #eob-SObject #(11) x
13: setfield #A #this y (12)

Figure2: Exampleprogram(a) andits annotationwith escapeinformation(b)

Considerthe examplegiven in Figure2(a). Offline escapeanalysiscanbe usedto deter-
minethat ‘SObjectO’ hasanobject-boundreferencetype. Furtheranalysisshows that ‘obj’ is
boundfor themethod‘subdo(SObjectO)’, asthevariablex is only readby themethod.Method
‘subdo()’ thencanbemarkedasboundfor it’ s argument.Usingthis information,theJIT com-
piler maycheckif ‘subdo()’ is calledwith anargument,thatis object-or call-stack-bound(asit
is in figure2(b)) andobjectallocate‘O’ accordingly. Figure2(b) partially depictstheresulting
SafeTSArepresentationof classA, where-#- marks‘SObjectO’ to be safeand-eob- to be
object-bound.

4 RelatedWork

Recently, variousannotationshave beenproposedfor enhancingtheperformanceof JIT com-
pilers usingJava bytecodeandother intermediaterepresentations[ANH00, KC01, BFHS02,
Rei01]. The annotationsof [KC01] and [BFHS02] will not compromisetype safety. Both
[ANH00] and [KC01] suggestutilizing annotationsfor register allocations. Their proposed
mechanismsarenot dissimilarto our spill rankings.They do not,however, convey information
aboutlive rangesasour kill functionsdo. [BFHS02] suggeststheuseof annotationsto convey
theresultsof escapeanalysisin orderto reduceheapallocationandits ‘captured’variablesand
is similar to our ‘call-stack-bound’types,but it proposesnothingsimilar to our ‘object-bound’.
Proof carryingcode[Nec97]andTAL [MWCG99] areannotationtechniquesthat are in parts



semanticallyequivalentto our concept,however its annotationformsarenot machineindepen-
dent. Unlike previous annotationwork, our work leveragesthe pre-existing SSA form of the
safeTSArepresentation.

5 Summary

Thispaperpresentsthreeextensionsto thesafeTSArepresentation,whichwill reducethework
which needsto be performedby an optimizing JIT compiler. To enhancethe performanceof
registerallocation,the kill function andspill rankingsareprovided. Kill functionsexplicitly
mark live rangesand, indirectly, registerpressure.Spill rankingsprioritize the allocationof
registersto SSA variables.The third mechanism,conveys a reductionin heapallocationsre-
sulting from aliasanalysis;it safeguardsthis throughthe useof specializedtypes,similar to
thosewhichsafeTSAalreadyprovidesfor null- andbounds-checks.Thesemechanismsfurther
thegoalof shiftingoptimizationeffort away from onlineJIT compilation.

Partsof this effort aresponsoredby the NationalScienceFoundation(NSF) undergrant
CCR-9901689,by theDeutscheForschungsgemeinschaft(DFG) undergrantAM-150/1-1,and
theDefenseAdvancedResearchProjectsAgency (DARPA) andAir ForceResearchLaboratory,
Air ForceMaterielCommand,USAF, underagreementnumberF30602-99-1-0536.
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