Efficient Online Optimization by Utilizing
Offline Analysis and the SafeTSARepresentation

Jefery von Ronng AndreasHartmanri Wolfram Ammeg Michael Franz
jronne@ics.uci.edu krs@informatik.uni-jena.de amme@informatik.uni-jenaed  franz@uci.edu

tInformationandComputerScience fInstitut fur Informatik
Universityof California, Irvine Friedrich-SchillerUniversi@atJena

United States Germary

Abstract

Corventionalmobile-coderepresentation®.g. Jasa bytecode provide machine-inde-
pendencendtype-safetybut do so at the expenseof performance.This performancehit
canbetakenin the form of decreased throughput or in increased latency. SafeTSAwas
designedo reducethis performancdit, especiallywhenproducinghigh-qualityoptimized
machinecode. It doesthis by utilizing SSAform andthusshifting dataflav analysiseffort
from the online JIT compilerto the offline producerf the safeTSAprogram.

This paperdescribesheextensionof safeT SAto supporta greatershifting of optimiza-
tion effort away from theonline JIT compiler increasegheperformancewithout sacrificing
type-safetyor machine-independenc8pecifically we describemechanismso reducethe
costof onlineregisterallocationthroughoffline analysis andto useoffline escapenalysis
sotheonlineJIT compilercanproduceessheapallocations.

1 The SafeTSARepresentation

SafeTSA[ADVRFO] is averifiabletypesafeintermediateepresentatiodesignedasamachine
independenintermediateepresentatiowhichis bothtrivial to verify andeasyto translatento

optimizedmachinecode. SafeTSAachievesthis throughthe novel combinationof severalkey

features:the control structuretree, instructionsin SSA form, dominatorbasedreferentialin-

tegrity, type safetythroughtype separationa type systemextendedto supportkey optimiza-
tions,anda carefullychosennstructionset.

Figurel(b) containsa graphicaldepictionof the safeTSArepresentatioproducedrom the
sourceprogramin Figurel(a). It will bereferredto in the following discussiorof safeTSAs
key features.

Ratherthanallowing arbitrarybranchinstructions safeTSAcorveys the programs control
flow througha treeof high-level controlstructureelementgloselyparallelingthoseof the Java
sourcdanguageThis control structuretree canbeseendepictedasthelargefont boxesandthe
connectindinesin Figurel(b); asafirstapproximationthecontrolstructuregreecanbethought
of asamethods abstracsyntaxtreewith its expressionsemoved. The useof controlstructure
treesrestrictssafeTSAmethods'controlflow graphsto well definedsubsebf reduciblecontrol
flow graphs.This simplifiesthe machine-specificodegeneratiorandoptimizationaswell as
thedominatortreederivation.

Satic single assignment formis a state-of-the-arintermediateepresentatiofor optimizing
compilers. By basingsafeTSAon SSAform, we leveragethe benefitsof SSAduringthe JIT
compilationbut shift offline the costsof producingSSAform. The key featureof SSAform is
thateach'variable’whichmaybeusedn theprograms SSArepresentatiomayonly bedefined
atasinglelocationin therepresentationThis canbe seendepictedn Figurel(b)astheunique
variableon theleft-handsideof eachinstruction.

Sometimeshowever, the input of an operationshouldcomefrom differentsourceinstruc-
tionsdependingon the control flow paththroughwhich the executionarrived at thatoperation



| METHOD-ENTER: foo

BLOCK
sAO := nulicheck A arg0:A

i0 := getfield A.f1 sAO0:sA

public class A { [ WHILE |

int f1;
. nt f2;
public C! ass B { i1 = phi-int
static int foo (A a) { i2 := phi-int
int sum= a.f1; {cond/use:bO:booj—{ BLOCK ‘
int i = 1: L‘bO:zlt—intiZ:intlo:int
while (i < 10) {
sum += sum
SO o
I+ [RETURN/use=i6iint| | mocmtizimt
}
} BLOCK phiinput i3:int i4:int
return sum?* a.f2; i5 = getfield A.f2 SAO:SA
} i6 := mul-int i1:int i5:int

(a) sourcecode (b) translatedo safeTSA

Figurel: An Exampleprogram

(for example theuseof aloopvariablein theloop conditionshouldreferto theloop variableini-
tializer on thefirst iteration,but theloop variableincrementon subsequenterations but these
areseparateSSA variables),so SSA providesspecialg instructionsat CFG join nodeswhose
resultvariablerepresentalternatve input variablesdependingon which edgeof the CFG node
the executionfollowedto reachthe join node. As canbe seenin Figurel1(b), safeTSAmakes
a separatéphi-input” at eachlocationwherecontrol canbe transferedo the join node;each
¢-inputhasasmary operandssthereare¢sin thejoin node.

An importantpropertyof acorrectSSAprogramrepresentatiors that,for all instructionsA
andB, if A usesasaninput,theresultvariableof B, A mustbedominatedby B*. This property
which we call referential integrity, is the necessanandsufficient conditionthatall variablesin
an SSAprogramaredefinedbeforethey areusedon every possiblepaththroughthe CFG.The
serializedsafeTSAencoding[ADVRFO] enforcesthis property statically by referencingthe
inputvariablesof anoperatiorusingarelative addressingchemewvhich only assignsaddresses
to variablesdefinedby operationsvhich dominatethis usingoperation.(Becausehis relatve
addressinghangedor everyinstruction,it is notdepictedn Figurel(b).)

SafeTSAsimplifiestype checkingthroughtype separation andexplicit castoperationsOb-
ject orientedsourcelanguagewill normally allow a subtypeto be usedanywherethe parent

For ¢ instructionsthe useof the input variableis consideredo occurat the endof eachof the blockswhich
precedehe join nodein the CFG. The outputvariabledefinedby the ¢ instruction(s)however, is consideredo
occuratthetop of its join node.In safeTSA thisis implementedhroughthe existenceg-inputsthatareseparated
from the phi atthejoin node.



typeis used.In contrastsafeTSAmaintainsa separatenamespacefor variablesof eachtype:
every operationthatdefinesaresultvariabledefineshatvariableto be of a particulartype,and
every operationthat usesa variablecanonly referto variablesof the correctinput type. Type
separations depictedn Figurel(b)in the namingconventionof the SSAoutputvariablesand
in the “:type’ notationon the input variables;type separatiorrequiresthat input and output
variabletypesmatcheachinstructions type signatureexactly. If a subtypemustbe usedas
a type anexplicit castis placedin the programrepresentatioms an instructionthat takesthe
subtypevariableasinputandproducegshetypeasits outputvariable.If, whenthe JIT compiler
processeshe method,this castcanbe verified to alwaysbe correct(by consultingthe virtual
machinesclasshierarchy)thenit will produceno executablecode butif thecorrectnessannot
be guarantiede.g. a castfrom a type to a subtype),a dynamiccheckwill be necessaryThis
combinationof SSA form and syntactictype separatioris trivial to verify, but it, alongwith
referentialintegrity, replaceghe complex stack-basetype-inferenceequiredby 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$ heap,andthe
SSAvariabletypesmay be ary of the Java primitive types(int, float, etc.) or areferencaype
restrictedo instance®f a particularclasstype,a particularinterfacetype,or a particulararray
type,accordingto the samerulesgoverningJavareferenceypes.But the safe TSAtype system
hasalso beenextended to support optimization. In particulay for eachJava referencetype,
safeTSAaddsa ‘safe’ referencaype, which canonly be producedoy a null-checkoperation.
All operationswvhich act on the heapobjectrequirethe null-checled 'safe’ referencetype as
input. As a consequencthe null-checkcanbe safelyseparatedrom the accessusingthe null-
checledreferenceallowing someclasse®f redundannull-checksto be optimizedaway when
the safeTSArepresentatiois produced.An exampleof this canbe seenin Figurel(b), where
the first getfield requiresa nullcheckto corvert the agumentfrom type ‘A’ to ‘sA’, but the
seconds ableto usethe‘sAQ’ variable,whichis alreadyknown to be safe.Similarly, separate
typesareaddedo representheresultsof arraybounds-checks.

While the SSA representatios’type safetyis presered throughtype separationthe in-
struction set of safeTSAwascarefully chosen to maintain the type/memory safety of the heap
space. The safeTSAinstructionsetcanbe dividedinto two main classes.Thefirst classcon-
tainsthoseoperationsvhich arefunctional(i.e. take zeroor moreinputsandproduceanoutput
basedsolely on thoseinputs);this includesprimitive computation(e.g. integeradd),castsand
checksthe effectsof theseinstructionsareentirely capturedhe SSAmodel. The secondclass
of instructiongnteractswith thevirtual maching(in particular thegarbagecollectedheapspace
andthe classloader). This secondclassincludesboth field andarray manipulationaswell as
methodand constructorinvocation. The getfieldin Figure 1(b) is an exampleof this second
class. Theseoperationscloselyfollow the semanticof their JVML counterpart@and enforce
the sametype/memorysafetyinvariants.

2 RegisterAllocation

BecausesafeTSAis amachine-independeirttermediateepresentationrggisterallocationmust
beperformedonlineby theJIT compiler Thisdoesnotmean however, thattheoffline producer
cannotprovide informationto theonlineregisterallocator This paperproposeswo suchmech-
anisms. The first is a specialkill function which marksthe live rangeend(s)of eachSSA
variable. The seconds a spill rankingfor eachvalue.

Dynamically the semanticof the kill function canbe thoughtof asdeletinga particular



SSA variable. Statically it makes the variableinaccessibldrom arny potential-usepoint in
the programfor which thereexists a paththroughthe programs CFG which startsat the SSA
variabledefinition, goesthroughthekill function, andreacheghe potential-usgoint without
passinghroughthe definitionagain.

Thesefunctionscanthenbe usedto mark the endof live ranges.In linear non-branching
code,they shouldbe placedimmediatelyafterthe lastuseof eachvariable. In the presencef
join nodes,however, in orderto ensurethat deadvariablesare not used,we modify our SSA
representatioandrequirethatall live SSAvariablesbeexplicitly mentionedateveryjoin node,
sothatit canbeverifiedthatthesdive variableshare notbeenrkilled onary of thebranchesnto
the join node. This canbe addedto the existing safeT SAchecksfor referentialintegrity with
little additionalcompleity.

Thelive rangeinformationprovided by the codeproducercanerr conseratively (in thatit
doesnt kill off variablesassoonasthey couldbe),but thisresultsn wastingregistersratherthan
usingonetwice, andthusposesorisk to thevirtual machines typeandmemoryinvariants.

Thus, utilizing thesekill functions(andassumingno spills are necessary)the registeral-
locator can simply walk throughthe programtrack the live variablesat eachpoint, addingat
definitions,anddeletingatkills, assigningegistersandproducingin lineartime agoodregister
allocation,similar to thatfoundin [PS99. Alternatiely, thelive rangeandconflict graphcan
be usedasinputfor amoretime consuminggraphcoloringallocation.

The other proposedmechanisnto enhanceregister allocationis with what we call spill
ranking, thatis rankingat eachvariableaccordingto an estimateof how muchits spilling will
hurt programperformanceThe offline codeproducercanperformexpensve analyseso try to
determineaccurateestimates.The only thing thatis requiredof the JIT compiler however, is
to utilize its knowledgeof the numberof availableregistersandits knowledgeof how mary
variablesare live at eachpoint, and spill as mary variablesas necessary As suggestedn
[KCO01], this maybe usefulfor amoreefficient prioritizedgraphcoloring. Spill rankingmaybe
combinedwith a copy function,to allow the offline safeTSAproducerto split live rangesand
assigndifferentspill rankingto eachlive rangesegment.

3 EscapeAnalysis

Escapeanalysisis supportedoy extendingthe safeTSAtype systemwith additional‘bound’
referencdaypes,which aretreatedsimilarly to thenull-checled‘safe’ types.Therearetwo vari-
etiesof boundreferencedypes:object-boundandcall-stack-boundgachof which existsin null-
checled and non-null-checlkd versions. Offline escapeanalysisis usedto specializeregular
referencdypesinto theboundreferencdypes.ThesafeTSAtypesystemis thenusedto restrict
the usesof theseboundreferenceypes. Call-stack-boundeferencesare the mostrestricted,;
they canbe usedwithin a methodor passedasargumentsof the appropriatecall-stack-bound
referencaype, but they may never be written to ary field or returnedfrom a method. Object-
boundreferencesnay be castto call-stack-boundeferenceypes,storedto object-boundields
of the ‘this’ object, and passedas argumentsof the appropriateobject-boundreferencetype
to othermethodsof the sameclass. Theseextra typesare coupledwith specialallocationin-
structions:a stackalloc,anobjectalloc. The stackallockinstructionresultsin a variableof the
null-checled call-stack-boundeferencetype, and the objectallocresultsin a variableof the
null-checled object-boundeferencetype. Thus,the type systemenforcesthe invariantsthat
stackalloc’edobjectsdo not live longerthanthe creatingmethods call-frameandthatthe ob-
jectalloc’edobjectsdo not outlastthe ‘this’ object.



a)

public class A {

int vy;

public void foo(){
Shj ect O = new Soj ect ();
O dol();
O x = 15;
O do2();
subdo( O ;

}
private void subdo(SObject O{

y = Qx;
}
}

b)

net hod f oo

3: xcall eob-Shject #C ass init

4: xupcast eob- SOhj ect #eob- SObj ect #(3)
5: xdi spatch #eob- SObj ect #(4) dol

7. setfield #eob-Sbject #(4) x 15

9: xdi spatch #eob- Sbj ect #(4) do2

10: xdispatch #A #this subdo #(4)

nmet hod subdo

11: xupcast eob-SObj ect #eob-SChject p
12: getfield #eob-SOhject #(11) x

13: setfield #A #this y (12)

Figure2: Exampleprogram(a) andits annotatiorwith escapenformation(b)

Considerthe examplegivenin Figure 2(a). Offline escapeanalysiscanbe usedto deter
minethat'SObjectO’ hasanobject-boundeferencdype. Furtheranalysisshavs that‘obj’ is
boundfor themethod'subdo(SObjecO)’, asthevariablex is only readby themethod.Method
‘subdo()’ thencanbe marked asboundfor it's agument.Using this information,the JIT com-
piler maycheckif ‘subdo()’is calledwith anargumentthatis object-or call-stack-boundasit
is in figure 2(b)) andobjectallocate’O’ accordingly Figure2(b) partially depictstheresulting
SafeTSArepresentationf classA, where-#- marks‘SObjectO’ to be safeand -eob-to be
object-bound.

4 RelatedWork

Recently variousannotationhave beenproposedor enhancinghe performanceof JIT com-
pilers using Java bytecodeand other intermediaterepresentationfANHO00, KC01, BFHS02,
Rei0l1]. The annotationsof [KC01] and [BFHSO0Z will not compromisetype safety Both
[ANHOO0] and [KC01] suggestutilizing annotationgor register allocations. Their proposed
mechanismarenotdissimilarto our spill rankings.They do not, however, cornvey information
aboutliverangesasour kill functionsdo. [BFHS0Z suggestshe useof annotationgo corvey
theresultsof escapeanalysisn orderto reduceheapallocationandits ‘captured’variablesand
is similarto our ‘call-stack-boundtypes,but it proposesiothingsimilar to our ‘object-bound’.
Proof carryingcode[Nec97]land TAL [MWCG99] are annotationtechniqueghatarein parts



semanticallyequivalentto our concepthowever its annotatiorformsarenot machineindepen-
dent. Unlike previous annotationwork, our work leverageghe pre-eisting SSA form of the
safeTSArepresentation.

5 Summary

This paperpresentshreeextensiongo the safeTSArepresentationyhich will reducethework
which needsto be performedby an optimizing JIT compilet To enhancehe performanceof
registerallocation,the kill function andspill rankingsare provided. Kill functionsexplicitly
mark live rangesand, indirectly, register pressure.Spill rankingsprioritize the allocationof
registersto SSA variables. The third mechanismgornveys a reductionin heapallocationsre-
sulting from alias analysis;it safegguardsthis throughthe useof specializedypes,similar to
thosewhich safeTSAalreadyprovidesfor null- andbounds-checksThesemechanisméurther
thegoal of shifting optimizationeffort avay from online JIT compilation.

Parts of this effort are sponsoredy the National ScienceFoundation(NSF) undergrant
CCR-9901689by the Deutschdrorschungsgemeinsch@iFG) undergrantAM-150/1-1,and
theDefenseAdvancedResearctrrojectsAgeng/ (DARPA) andAir ForceResearch.aboratory
Air ForceMateriel CommandUSAF, underagreementumber-30602-99-1-0536.
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