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Abstract. Theapplicationfieldsof bytecodevirtual machinesandVLIW processorsoverlapin theareaof embeddedandmobile
systems,wherethetwo technologiesoffer differentbenefits,namelyhigh codeportability, low power consumptionandreduced
hardwarecost.Dynamiccompilationmakesit possibleto bridgethegapbetweenthetwo technologies,but specialattentionmust
bepaidto softwareinstructionscheduling,a mustfor theVLIW architectures.
We have implementedJIST, a Virtual MachineandJIT compiler for Java Bytecodetargetedto a VLIW processor. We show
theimpactof variousoptimizationson theperformanceof codecompiledwith JISTthroughtheexperimentalstudyon a setof
benchmarkprograms.We reportsignificantspeedups,andincrementsin thenumberof instructionsissuedpercycle up to 50%
with respectto thenon-schedulingversionof theJIT compiler. Furtheroptimizationsarediscussed.

1. Intr oduction

Parallel computationis a responseto the growing
needfor processingspeed,whichexistsin bothembed-
ded andhigh-performancesystems.In the embedded
systemsfield, demandingrequirementson power con-
sumptionandprocessingspeedareimposedonthede-
sign. In thehigh performancefield, processingspeed
is themaingoal.

Parallelismcan be employed at different levels of
granularity. At finegrain,parallelismis foundbetween
individual instructionsthat do not have data depen-
dency constraints,while at increasinglycoarsergrain
onecanfind parallelismbetweendifferentiterationsof
thesameloop,or betweendifferenttasksof a system.
An attractivetechnologicalsolutionfor achievingspeed
with low power is offeredby new VLIW processors
designedfor embeddedsystems,but furtherconditions
areimposedby softwareconsiderations.

VLIW processorsarethe resultof a trendto move
computationfrom runtime (and the hardware) to the

1This work was partially supportedby STMicroelectronics.
∗Correspondingauthor.

compiler: ratherthanperforminginstructionschedul-
ing by meansof a specializedhardwaresupport,the
compileris requiredto provideascheduledcodeto the
processor.

Currently, mostVLIW-basedsystemsadopta static
compiler, but additionalrequirementsimposedbysoft-
wareconsiderationsin our target domainleadus to-
wardsa moredynamicsetting.Many applications,es-
pecially in multi-mediaand communication,operate
with downloadableprogramsanddynamicallylinked
libraries. Thedownloadedprogramcanbea industry-
standardmachinelanguageor a machine-independent
bytecode.In bothcasesthecodemustbetranslatedto
the native VLIW codeandscheduledfor instruction-
level parallelization,in ordertoobtaintherequiredper-
formances. But codetransformationsshouldnot be
donestatically(i.e. aheadof execution)for a number
of well-knownreasons,includingunacceptablecompi-
lation delayand unavailability of dynamicallylinked
routines. One is left with the possibility of dynami-
cally translatingfrom thedownloadedcodeto thena-
tive scheduledcode. But of coursemany critical fac-
torsaffect thefinal convenienceof suchsolution. The
hardwaremustbesuitableto runthecompiler, thecom-
pilationalgorithmsmustcombinespeedandprecision,
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the optimizationsperformedmustbe chosenfor their
cost/effectiveness.This is the technicalchallengewe
havetakenin thelongrun,todesignadynamiccompiler
from Java bytecodeto the (HP andSTM) Lx VLIW
processor, that would achieve good performancefor
typicalembeddedprograms.

Thechoiceof Java asthe target languageis appro-
priatefor our task,thanksto two qualifyingfeatures:

– Java is compiledto a machineindependentbyte-
code, which makes it suitablefor downloading
new code from a remotesource,which has no
knowledgeof thetargetarchitecture;

– Java is a popularlanguage,with a strongsupport
from the industry; it is being favorably consid-
eredfor adoptionis theembeddedandmobilesys-
tems[1,2] aswell as in scientificandnumerical
computing[3–5].

In both the embeddedandthe scientificcomputing
areas,thestrongesttraitsof Javaarethepopularitywith
softwaredevelopers,the large numberof librariesal-
readyavailable,andmostof all theportabilityfeatures.
On theotherhand,themaindrawbacksareconsidered
to bethereducedperformancesdueto bytecodeinter-
pretationandlack ofoptimizationin JIT compilers.

Therefore,moreparallelismneedstobeextractedby
the JIT compilersto make themsuitablefor adoption
in thesefields. While existing techniquesfrom the
staticcompilerscansometimesbe portedover to the
JIT, therisk of unfavorabletrade-off betweencompiler
overheadandperformanceincreaseis high, andmust
beanalyzedthroughexperimentation.However, there
arenoimplementationsof JavabytecodeJIT compilers
thatcanbeusedfor evaluationonVLIW machines.

The JIST (Just-in-timeSchedulingTranslator)pro-
ject was startedto addressthis issue. As a result,
a completerunningprototypehasbeenimplemented,
anda summaryof designdecisionsandmeasurements
cannow be reported. They shouldinterestthosein-
terestedin theperformancesof Java on a smallVLIW
processor, andbe alsovaluableto peopleworking on
dynamicaltranslatorsin differentsettings. We focus
on thedesignaspectsthatarecritical for the intended
target architecture:registerallocationandinstruction
scheduling;but we also considerthe impact and the
managementof generalissuessuchasmemorydisam-
biguation.Themeasurementsarefairly analyticaland
allow to pinpoint the cost/effectivenessof individual
optimizations.

Theanalysisis focusedon Java coderatherthanon
native libraries. This choice is justified by the fact

that libraries arepart of the residentsystemandcan
thereforebestaticallycompiledandoptimized.More-
over, as the applicationfield of Java becomeswider,
pure-Javalibrariestendto becomemoredesirablethan
native C libraries,sincethey areeasierto producefor
programmerswhoseprimary languageis Java itself.
The ability of the Java platform to effectively useits
native languagefor expansionof the classlibrary is
also importantto avoid cluttering the native libraries
(whichareusuallyshippedwith theVirtualMachineit-
self)with featuresrelevantonly toalimitedapplication
domain,while allowing theapplicationdesignerto use
third party librarieswithin themainapplicationwhen
needed.

Thepaperisorganizedasfollows. Section2presents
abriefaccountof relatedwork. Section3 describesthe
architectureof theJIST VM andcompiler. Section4
describesthe registerallocationandschedulingpoli-
cies,andthememorydisambiguationtechnique.The
experimentalresultsare reportedin Section5, while
Section6 draws the conclusionsandmentionsfuture
developments.

2. Relatedworks

Early proposalsfor exploiting instruction-level par-
allelism (ILP) for Java Bytecode where basedon
the Java Processorconcept[6,7]. SunMicrosystems
MAJC processor[7] was designedto efficiently exe-
cute JavaBytecodes.Thepioneeringwork of Ebcioğlu
et al. [6] proposedthe useof a JIT translatorcoupled
with a softwareschedulingalgorithmon a processor
thatofferedinstructionlevel parallelism.Theideawas
moreof designinga new processorfor Java Bytecode
executionthanto useastandardVLIW machine,but it
includedthepossibilityof adoptingthesamealgorithm
for differentarchitectures.Our basicschedulingalgo-
rithmis rathersimilar, sincebotharegreedyandsched-
ule eachinstructionassoonasits operandsareready.
However, asthegoalof [6] is moreto proposea novel
architecture,their publisheddataignorethe schedul-
ing andcodegenerationoverheadsfor any realarchi-
tecture. As far as pureschedulingis concerned,JIST
matchesthe ideal performancesof [6], and provides
experimentalresultsfor a realVLIW machine.

Otherrelevantworksdealwith generalbinarycom-
patibility problems. One especiallysignificantwork
is DELI [8]. The scopeof DELI is beyond that of a
JavaVM/JIT, providing theability to emulatedifferent
hardwaremachines.
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Fig. 1. Lx singleclusterarchitecture.

Of thevariousJava VMs andJIT compilers[9,10],
LaTTe [11] andmicroJIT[12] aresomehow relatedto
ourown. They arebothbasedontheKaffe framework,
but they scheduleinstructionsfor generalpurposeRISC
rather than VLIW machines. LaTTe is notablefor
linear scanregisterallocation,while microJIT doesa
faster, singlepassregisterallocation.

Focusingon dynamic compilation for VLIW, the
DAISY project[13] involvedfastbinarytobinary trans-
lation, includingoptimizationpasses,like copy propa-
gationandinstructionscheduling.However, thesource
languagewas the machinecodeof IBM’ s PowerPC,
andthe architecturefeaturedsimplifying assumptions
suchasexception-freeexecution.DAISY’s instruction
schedulingis moreaggressive thanour currentimple-
mentations,as the scheduledregion is a tree region
ratherthana basicblock.

Earlierworksin dynamiccompilationfor VLIW ma-
chinesfocusedon binary compatibility betweendif-
ferent VLIW architectureas [14], or, as DAISY, on
compatibilitybetweentraditionalRISC machinesand
VLIWs. On the otherhand,our work is orientedto
anhigherlevel of codecompatibility, as is allowedby
machine-independentbytecodes.

Yet otherprojects,suchas[15], introducearchitec-
tural variantsto thebasicVLIW designs.

A survey of dynamiccompilationissuescanbefound
in [16].

For thememorydisambiguationissue,theworknear-
estto ourfield is [17], whichprovidesanextensivelist
of worksrelatedto aliasanalysis.

3. JIST architecture

The target for the JIST project is the Lx processor
family developedby HP andSTMicroelectronics[18],
a clusteredVLIW architecture. Figure 1, adapted

from [18], shows a singlecluster. The singlecluster
Lx employed in our project,in additionto the ability
to issueupto four instructionspercycle,allowssimple
predicative executionthroughselectinstructions.

JISTisbasedontheKaffeVM andJITcompiler[19],
a cleanroomimplementationof the Java Virtual Ma-
chine(JVM) specification[20], plustheassociatedJava
classlibrariesneededto provide a Java runtimeenvi-
ronment.It is writtenmostlyin ANSI C, with machine
dependentpartsin Lx assembly. It offers threemain
executionmodes,or engines,from thelessto themost
efficient:

intr p A portof theKaffe interpreter, implements
theJavaVM specifications;
jit A port of the Kaffe JIT compiler, version3,
producessequentialmachinecode;
jist The schedulingJIT compiler, addsseveral
schedulingandregisterallocationoptionsto the
standardjit.

Figure 2 shows the architectureof the JIST VM:
a Java program,compiledto bytecodeby an external
compiler, is readby the VM frontendand translated
in theintermediaterepresentation,Kaffe IR. Whenthe
VM is in interpretermode,eachKaffe IR instructionis
simulatedby theintrp engine.Theonly interaction
with thenativeinstructionsethappensatnativemethod
calls, wherethe parametersof the call mustbe trans-
lated from the internal representationof Kaffe to the
machinecall argumentsformat.

On theotherhand,theJIT compilerstranslatecode
to theLx native instructionset. Theschedulerpassis
only performedin jist.

ThegeneratedcodeandtheVM itself areexecuted
onanLx ISA simulator.

Thejist worksin threesteps:

1. performananalysisof thecontrolflow, in order
to generateinformationfor the codegeneration
andschedulingpass;



Galley Proof 25/11/2005;10:32 File: spr192.tex; BOKCTP/Hainap. 4

4 G. Agostaet al. / JIST: Just-In-Timeschedulingtranslationfor parallel processors

Java to Bytecode Compiler

Java Program

Java Bytecode

Kaffe

Interpreter

Machine
Interface

Kaffe JIT

Scheduler

Lx Binary

Lx ISA Simulator

Kaffe Interm. Representation

Fig. 2. Executionof Java in JIST.

2. translateeachbytecodeto native code,perform-
ing registerallocationat thesametime;

3. schedulethetranslatedcode,andemit it.

Thetranslationis performedatmethodgrain,thatis
eachmethodis entirelytranslatedin asingleactivation
of the translator, andthe translationtakesplacewhen
themethodis invoked for thefirst time.

Figure3 shows how a sequenceof Java Bytecodes
(thesameasin [6]) is translated,first to theKaffe IR
andthento the Lx native code. Finally, the schedule
obtainedis highlightedby themachineissuecycle.

Figure3 shows how theKaffe IR generateseparate
IR instructionsfor computationandstackmanagement
(seetheexplicit popandStack accessoperations).Due
to the register allocationphase,mostcopiesbetween
Javastackandlocalscanberemoved,sothatonly rele-
vantcomputationisactuallyperformedin thegenerated
code. Theschedulerthenallows the issueof multiple
instructionsin a singlecycle,e.g.thetwo additionsin
Fig. 3.

The schedulingand register allocation algorithms
arethemainimprovementover theoriginalKaffe VM,
alongwith thememorydisambiguationphase,andwill
bedescribedin detailin thenext section.

4. Dynamic optimization

This sectiondescribesthe optimizationpasseswe
have developedfor theJISTcompiler, namelyregister
allocation,instructionscheduling,andmemorydisam-
biguation.

4.1. Registerallocation

Recall that the Kaffe VM offers a two-stepregis-
ter allocationpolicy. First, it tries to allocateasmany
variablesaspossibleto global registers. Thesebind-
ingsareguaranteedto holdacrossbasicblocks,sothat
thereis no needfor spills at basicblock boundaries.
Then,shortlived variablesareallocatedto non-global
registerswith a leastrecentlyusedpolicy.

Thenumberof globalregistersis a parameterof the
allocationalgorithm,andit affectstheperformancesof
thetranslatedcodeasthenumberof spillsneededatthe
basicblock boundaryvaries. Experimentsconducted
duringthedevelopment of JISTprovedthat6to 8global
registersareneededto minimizethespills.

In ourcase,theLx architectureprovidesalargenum-
berof registers– 64,minusthoseusedfor specialpur-
poses,suchasthestackpointer. Therefore,evenafter
allocatingenoughglobal registers,a large numberof
registersareavailablefor additionaloptimization.

Sincethe Kaffe registerallocatordoesnot change
an allocationunlessit is forced to do so, a consid-
erablenumberof false dependenciesare createdby
theallocationandcodegenerationphase.In orderto
avoid a costly post-schedulingreallocationphase,we
replacedthe Kaffe allocatorby a differentallocation
policy, calledcyclic register allocation, that allocates
a new registerevery time a valueis written. This re-
moves thefalsedependencies,andgives thescheduler
moreopportunitiesfor out-of-orderexecution.

Figure 4 shows how the cyclic register allocation
affectsthetranslationflow andthequalityof produced
code.Thefirst two columnson theleft reporttheJava
codeof two consecutiveinstructionsandits translation
intoasimplifiedversionof bytecode. Foreachbytecode
instructionit isshownitssemantics,aslist of operations
on the Java Frame: for example,the bytecodeadd
meansthat the additionmustbe performedusingthe
two topmostoperandson the Java Frame,removing
themfrom the stackandthenpushingthe result. On
the fourthcolumn,theemittednative codeis listed. It
canbenoticedthateachregisteris associatedto aJava
Frameslot. Thearrows explain how theKaffe classic
registerallocationpolicy works: it triesto maintainas
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istore_5

iadd

isub

move_int (local > Stack(0))

move_int (local > Stack(0))

move_int (local > Stack(0))

move_int (local > Stack(0))

move_int (local > Stack(0))

move_int (Stack(0) > local), pop

add_int(Stack(1) = Stack(0) + Stack(1)), pop

add_int(Stack(1) = Stack(0) + Stack(1)), pop

sub_int(Stack(1) = Stack(0)  Stack(1)), pop

returnarg_int(Stack(0))

ByteCode Kaffe IR Macros Lx Code Cycle

1

2

3

ADD $r2 = $r18 + $r19

MOV $r16 = $r1

SUB $r1 = $r1  $r2

ADD $r1 = $r16 + $r17

Fig. 3. Exampleof translationandschedulingof a sequenceof Bytecodes.

longaspossiblearelationbetweenaslotandaregister,
in this casebetweenthedeepestslot of theJava Frame
and the register$rx. This mappingpolicy generates
a Write After Read(WAR) dependency, betweenthe
third andthe secondinstruction,that canbe removed
using the cyclic registerallocation. The last column
highlights how this techniqueis applied: when the
deepestslot is rewritten, it is associatedto the first
availableregister, which will bedifferentfrom $rx. In
thiscase,sincetherearenodatadependenciesbetween
thesecondandthethird instruction,theschedulercan
switchthem.

However, thecyclic registerallocationhasoneweak
point, that is it may force the codegeneratorto pro-
duceextra spills, as more registersare in use. This
phenomenonhaslimited impacton the spills that are
createdat branches,sincethe valuesthat needto be
preservedarekept in global registers,but it hassome
impactwhenacall is producedthatwasnot in theJava
Bytecodecontrolflow, as,for example,is thecasefor
operationssupportedthroughlibrary functions,suchas
the 64 bit integer andthe floating point operationsin
theLx processor. Wewill revisit thisissuein Section5.

4.2. Instructionscheduling

Theschedulingalgorithmis thecritical partof any
compilerfor a VLIW architecture,sinceit conditions
the exploitation of instruction level parallelism. In
a dynamiccompiler, thereis a trade-off betweenthe
schedulequality andthe schedulingtime. Therefore,
only fastinstructionschedulingalgorithmaredeemed
acceptableis this context.

Therearetwomainclassesof schedulingalgorithms,
thosethatwork atbasicblocklevel andthosethatcon-

sideralsocontrolflow structures.We choseto imple-
mentabasicblockschedulerfor twomainreasons:it is
requiredfor thedevelopmentof morepowerful sched-
ulers,and it canguaranteelow schedulingtimes. A
survey of the different schedulingalgorithmscan be
foundin [21].

Ourschedulerimplementsagreedyalgorithm,based
on the operation schedulingparadigm,and applying
theAs Soon AsPossible(ASAP) strategy. Theopera-
tion schedulingmethodchooses,at eachiteration,an
instructionfromareadyset,andtriesto insertit into the
partial schedule,while preservingcompatibility with
data dependenciesand resourceconstraints. In our
case,thenext availableinstructionis thelastinstruction
generatedby theJIT Translatorandtheschedulertries
to scheduleit in theearliestpossibleposition.

Theschedulerscopeis limited by aschedulingwin-
dow, which guaranteesan upperboundto time com-
plexity, as thenumberof potentialpositions(or slots)
to checkfor an instructionis limited by the schedul-
ing window length. Within the window, the current
instructionis first allocatedto the last time slot, shift-
ing thewindow if theinstructioncannotfit. Then,the
algorithm,describedin Fig. 5, attemptsto move the
currentinstructionup in thewindow, stoppingwhena
dependency is reached,andskippingtime slotswhere
thecurrentinstructioncannotbeallocateddueto lack
of resources.Branchinstructionsarealwaysscheduled
last in thewindow, andthewindow is flushedwhena
basicblock ends. The window sizeis a parameterof
the algorithm. We testedthe schedulerwith window
sizesrangingfrom 2 to 20. Theoptimumsizefor the
benchmarksdescribedin Section5 wasfoundto be8.

Figure6 explainshow theschedulerworks,showing
arealcaseof instructionstreamreordering,underdata
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(cyclic allocation)

a = a + b

c = c + d

push a

push b

add

store a

push c

push d

add

store c

add $rx=$ra+$rb

mov $ra=$rx

add $rx=$rc+$rd

mov $rc=$rx

add $rx=$ra+$rb

mov $ra=$rx

add $rw=$rc+$rd

mov $rc=$rw

Fig. 4. Exampleof cyclic allocationpolitics.

void schedule(instr *cur_instr) {

if (check_deps(cur_instr, index) ||

arch_constraints(cur_instr, last(sched_win)))

shift(sched_win, 1);

sched_time = last(sched_win);

if !is_branch(cur_instr)

for (index = last(sched_win);

index < first(sched_win);

index = index - 1 ) {

if (check_deps(cur_instr, index)) break;

elsif (!arch_constraints(cur_instr, index))

sched_time = index;

}

emit_instr(cur_instr, sched_time);

}

Fig. 5. Basicinstructionschedulingalgorithm.

dependenciesandresourcesconstraints.We havecon-
sideredaVLIW machinethatcanconsumefour ALUs
andonly oneLoadStore Unit (LSU) at eachclock cy-
cle. Moreover, in this example,we have limited the
shiftingwindow sizeat two.

At stage(a) the shifting window is emptyandthe
schedulercan insert the incoming instruction, mov
$ra=0, in thefirst slotof thefirst bundle. Thenext in-
cominginstruction,mov $rb=4, is scheduledin par-
allelwith thefirstone,filling thesecondslotof thesame
bundle: this is legalbecausetherearenodataconflicts
betweenthetwo instructions(b). Thethird instruction
of thestream,add $rc,$ra,$rb, whichadds$ra

and$rb andput the result in $rc, canbe scheduled
only in thesecondbundle,asshown in (c). This is due
to a ReadAfter Write (RAW) dependency betweenthe
currentinstruction,whichreadsregisters$ra and$rb,
andthepreviousinstructionsthatwrite thesameregis-
ters. For the samereason,the next incominginstruc-
tion, mov $rx=$rc, canbescheduledonly at clock
cycle three:sincethereis no roominto thescheduling
windows, it will be shifted(d); this meansthat, from
now on,theschedulingalgorithmcannotreachthefirst
bundle– it will be impossibleto usethe free slotsof
that bundle. The last two instruction(e,f) could be
scheduledin parallel,eventhoughthereis aWriteAfter
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mov $ra = 0 mov $rb = 4 

mov $ra = 0 mov $rb = 4 

mov $ra = 0 mov $rb = 4 

add $rc,$ra,$rb

mov $rx = $rc 

mov $ra = 0 mov $rb = 4 

add $rc,$ra,$rb

mov $rx = $rc 

mov $ra = 0 

add $rc,$ra,$rb

mov $ra = 0 mov $rb = 4 

add $rc,$ra,$rb

mov $rx = $rc 

ld $rw = 0[$rz] ld $rw = 0[$rz]

st 8[$rz] = $ry

(c) (d)

(b)(a)

(e) (f)

Fig. 6. Exampleof shifting windows andASAPpolicy.

Read(WAR) dataconflict betweenst (store) and
ld (load): theexecutionmodelimposesthatthewrite
resultstepsbeexecuted,within thesameclock cycle,
afterthereadoperandsteps.However, wemustsched-
ule thesixthinstructionafterthefifth, becauseonlyone
load/storeunit is availableperclockcycle.

The algorithmpresentedhereabove is able to cap-
turemuchof the ILP availablein thebasicblock: we
testedit offlineagainstatraditionallist scheduler, andit
did notshow asignificantdegradationin performances.
However, it hasno ability to detectandexploit paral-
lelism acrossdifferentbasicblocks.

A secondschedulingoption was thereforeadded,
where the algorithm can move instruction acrossa
branchboundaryby predicatingthem. Move instruc-
tions aretransformedinto selectinstructionswith the
samepredicateasthebranchcrossed.

Otherinstructionsthatwrite a registeraresplit into
two parts,asshown in Fig. 7, wherethefirst partexe-
cutestheoperation,andwritesto a temporaryregister,
while the secondpart is a predicatedmove between
the temporaryandtarget register. In this schema,the
schedulingwindow is not flushedat theendof a basic
blockif anopportunityfor inter-basicblockscheduling
is detected.

Usually, onlyinstructionsthatdonotmodifythecon-
trol flow norraiseexceptionscanbemoved.However,
instructionsthat raiseexceptionscanbe move if they

have anon-excepting equivalent,whichis theirusedin
theirstead.Thismodifiesthesemanticsof theprogram
to a certainextent,sotheglobalschedulercanbeonly
appliedif this change– i.e., not raisingan exception
whena loadinstructionfails – is acceptable.

4.3. Memorydisambiguation

Oneof themajorconstraintsin instructionschedul-
ing is imposedby aliasingof memorylocation. Ba-
sically, the memoryis consideredasa singlelocation
for thepurposeof decidingwhethertheschedulercan
move an instructionwithout having it overwritea da-
tumneededby anotheroperation,or reada datumthat
hasnotyetbeenwritten [17].

Sincealiasanalysisbasedon flow is computation-
ally intensive, we performmemorydisambiguationon
binary code. In this casethe namesof addressesare
of thetypek[$rx], wherek is a constant,$rx is called
baseregister, andthememoryaddressis computedas
k + contentOf($rx).

Our instructioninspectiontechniqueworkswithin a
basicblock,andaimsat reachingtwo differentgoals:

– recognizenamesthat arealwaysaliasandapply,
if possible,a copy propagationpass;

– detectnamesthat are not alias and then exploit
the collectedinformation to remove scheduling
constraintsbetweeninstructionsusingthem.
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BR $b0 target

ADDI $r1 = $r2 + 1

NOP

NOP

BR $b0 target

ADDI $t1 = $r2 + 1

SELECT $r1 = $t1 on $b0

(a) (b)

Fig. 7. Crossinga BB boundary.

Asfor thefirstgoal,weexploit theinterfaceprovided
by jit3 of Kaffe to handlecopy propagation: the
analysisinformation that two slots of the java stack
arealiasesis passedto the Kaffe framework, so that
theregisterallocatorattemptsto mapthemto thesame
register;if theattemptis successfulaneventualcopy is
nottranslatedtonativeinstructions,therebyperforming
dead codeeliminationon thefly.

For the secondgoal, we collect informationabout
namesthat are never alias, exploiting the following
sufficient conditionsfor two memorylocationsto be
non-conflicting:

1. they usedistinctoffsetfrom thesamebaseregis-
ter: k1[$rx1] �= k2[$rx2] ⇐ x1 = x2 ∧k1 �= k2;

2. oneusesa register known to point to the stack
and the otherusesa register known to point to
the global dataarea: k1[$rx1] �= k2[$rx2] ⇐
($rx1 = sp∧$rx2 �= sp)∨($rx2 = sp∧$rx1 �=
sp), wheresp is thecurrentstackpointervalue;

Specifically,weuseinformationonthestoreandload
operationscreatedby basicblock prologuesandepi-
logues,whichalwayswriteandreadvaluestoandfrom
stacklocationsthatarenever aliasdueto condition1.

This form of local aliasanalysisgives thescheduler
morefreedomto move memoryoperationsfor out-of-
orderexecution.

5. Experimental evaluation

This sectionpresentsthe experimentalresultsand
their interpretation.

In orderto understandthe effect of schedulingand
optimization on performances,we have run several
benchmarkswith a rangeof input datasizes,andwe
have extractedtwo quantities:

1. The asymptoticspeedupobtainedby the four
jist-i versionsversusunscheduledjit execu-
tion, an indicatorof the maximumperformance

improvementobtainedby optimizationandrun-
timescheduling;

2. Thebreak-even point of eachjist-i andjit,
definedas the minimum problemsize allowing
the compiler to provide an increasein perfor-
mancethat recovers the degradationcausedby
optimizationandschedulingtimes.

A few wordsareneededto justify thesetof bench-
marksandtheexperimentalsetting.Benchmarksuites
for embeddedJava applicationwerenot readilyavail-
able,andin any casetheirsignificancewouldbesubject
to criticism becausemostembeddedsystemsinclude
specialhardwaredevicesandnative libraries. More-
over it was impossibleto run large Java applications
on the Lx simulatedmachinewith reducedJava li-
brary supportavailable, thereforewe decidedto per-
formmeasurementsonsmallerprogramsorkernels,in-
cludingbothbasicalgorithmsandoperationsrelevant
to embeddedsystems.

We alsodecidedto cut thelengthystart-uptime of
theVM, fromourmeasurements,byrunningthebench-
marksover alightweight,reducedversionof KaffeJIT,
calledJitBasic,which allows the executionof almost
any Java methodwith theexclusionof I/O primitives.
Includingstartup timeswould have distortedour data
by measurementsof codenotgeneratedby JIST. How-
evera few runswerealsoperformedwith thefull Java
VM, to comparetheperformanceof theinterpreterand
theotherexecutionengines.

Wehaveselectedamix of artificial benchmarksand
realworld applicationkernels. For example, someof
ourroutinesimplementnumericalmethodsusuallyper-
formedin imageanddigital signalprocessing.Image
processingis representative of typical applicationsof
embeddedsystems.

The benefitshighlightedby the resultscan be re-
producedon methodshaving the samecomputational
complexity andworkingon thesametypeof data.We
alsoexpectthatourresultsindicateapracticallimit, in
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Table1
Maximumsizeof parameters

Benchmark Parameters Max Size

Matrix N, thematrix order N = 120
Cholesky S, thenumberof iterations;N, thematrix order S = 100,N = 1000
LZcompr N, lengthof thearray N = 4000
Mean N, thematrix order;S, thenumberof iterations N = 300,S = 3
Gauss N, thematrix order;S, thenumberof iterations N = 300,S = 3
Dijkstra N, thenumberof verticesof thegraph;S, thenumberof iterations N = 1000,S = 4
Sieve N, interval’s right bound;S, thenumberof iterations N = 40000,S = 100
BubbleSort N, lengthof thearray N = 4000

termof performanceimprovements,valid for all VLIW
architecturescomparablewith Lx.

The benchmarkset is composedof the following
routines:

– Integermatrixmultiplicationalgorithm(Matrix);
– Cholesky’s floating point matrix factorizational-

gorithm(Cholesky);
– LZ compressionalgorithm on an array of bytes

(LZcompr);
– Meanfilter algorithm(Mean);
– Gaussianfilter algorithm(Gauss);
– Dijkstra algorithm to compute minimum dis-

tance betweentwo vertices in a direct graph
(Dijkstra);

– Sieveof Eratosthenesalgorithm(Sieve);
– BubbleSort algorithm on an array of bytes

(BubbleSort);

All the benchmarksareparametricwith respectto
eitherthesizeof theproblem,thenumberof iterations,
or both. Table1 lists the parametersfor eachbench-
mark,andshowsthemaximumvalue oftheparameters
usedin theexperiments.

A generalissueto bediscussedis how thearithmetic
for floating point and 64-bit integer is implemented.
For theintendedapplicationsof theLx processor, float-
ing pointcomputationis eithernotneededor provided
througha coprocessor, which is not available in the
simulator. For 64-bit integers,thecurrentimplementa-
tion of JISTusesemulationvia softwarecallsfor mul-
tiplication anddivision. For this reason,the benefits
arelimited for benchmarksworking on floatingpoint
data,likeCholesky. Theintroductionof a Floating
Point Unit shouldmake the resultscomparablewith
whatobtainedfor integerdata.

The reportedexecutiontimes (ms) refer to an Lx
processorworkingat 250MHz.

5.1. Interpretationvs. JIT compilation

Thefirst setof resultsconcerntheperformancesof
thebasicJIT compiler(jit) with respectto theinter-

preter(intrp). Theinterpreterbenefitsfromcompile-
timescheduling,asall partsof theVM writtenin C are
compiledwith a production– level compilertargeted
to theLx. Ontheotherhand,codegeneratedby theba-
sicversionof theJIT compileris notscheduled,which
givesan additionaledgeto theinterpreter.

Figure 8 reports the performances of the
BubbleSort benchmarkonthefull JavaVM. Except
for small valuesof the parameter, the performances
of the interpreterare so much slower that it quickly
becameimpossibleto gatherexperimentaldata. Data
for theotherbenchmarksareconsistentwith thosepre-
sentedhereandwith previous literature[?], with the
performancegapbetweenintrp andjit fastgrow-
ing with theproblemsize. Theinterpreteris therefore
anefficientsolutiononly for shortrunningbenchmarks
(lessthan1 s in the BubbleSort case),wherethe
total executiontime is dominatedby the cost of the
virtual machinestartup.

5.2. JIT optimizations

The next resultsconcernthe speedupobtainedon
baseline(jit) with four differentversionsof jist,
all runningon JitBasic,to separatelyanalyzethe im-
pact ofdifferentoptimization. As shown in Table2
the first (jist-1) only addsbasicblock instruction
scheduling,the second(jist-2) addsbothschedul-
ing and optimized register allocation, and the third
(jist-3) addsinter-basic block schedulingas de-
scribedin Section4.2,coupledwith a differentpolicy
of window flushing. The last optimizationperformed
is memoryaliasdisambiguation(jist-4), which al-
lows the schedulerto remove several falsedependen-
ciesbetweencouplesof memoryoperations(loadsand
stores).

Figures9 and10show theperformanceandspeedup
for theBubbleSort benchmark.As the numberof
iterationsgrows, theperformancegapbetweentheba-
sic jit and the optimizedversionsincreases. The
speedupchartshows that, in this case,the scheduled
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Fig. 8. Executiontime for BubbleSort(ms).

Table2
jist andjit configurations

Instruction Register Memory
Scheduling Allocation Disambiguation

jit none basic no
jist-1 intra-BB basic no
jist-2 intra-BB optimized no
jist-3 inter-BB optimized no
jist-4 inter-BB optimized yes

codeis slower thantheunscheduledoneonly for small
problemsizes. The impact of register allocation is
alsohighlighted,asthetwo jist versionthatbenefit
from optimizedregisterallocationachieve amaximum
speeduphigher than 20%, while the standardKaffe
register allocationcannotreach15%. The jist-3
JIT performsalwaysbetterthanthejist-2 engine,
achieving near30%speedupover jist-1.

Figure 11 summarizesthe maximum speedups
achieved during our tests,correspondingto the high-
estvaluesof theparameters,specifiedin Table1. The
correspondingsimulatedruntimes(ms)arereportedin
Table3.

Notice that the results are consistentwith those
shown in theBubbleSort case(Fig. 10),exceptfor
thejist-3 JIT which is alwaysableto compensate
its overhead,but the benefitsreachedarenot always
significant. This is dueto the fact that, currently, the
jist-3 worksonrathersmallregionsof code.How-
ever, theresultsachieved onbenchmarkslikeBubble
andLZcompr lead us to believe that methodinlin-
ing andamoreaggressiveinter-basicblockscheduling
policy couldmakethejist-3 JIT beneficialonmost
benchmarks.

In order to further evaluatethe impact of register
allocation,we have tracedthe datadependency con-
straintswhichweredetectedduringscheduling. Weno-

ticedthatthecyclicregisterallocationreducesthedata
dependenciesamongregisters;in theMatrix bench-
mark,for example,thefalsedependenciesarereduced
by 81%.

Table 5 provides a report of the datadependency
constraintsthat were detectedduring schedulingof
Matrix. Theattemptsto write in registerthatneeds
tobepreserved(WREG) arefalsedependenciesandare
addressedby thecyclic registerallocationpolicy. The
otherclassesrepresentconstraintson conditionregis-
ters(WBREGandRBREG) andmemory(WMEMand
RMEM),andtruedependenciesonregistersRREG.The
registerallocationis ableto reducethenumberof false
dependenciesonregisters(WREG).

SomeconsiderationsarenecessaryabouttheBreak
EvenPoint (BEP).Thisquantityis thesizeof theprob-
lem for which the costsof schedulingandoptimiza-
tions arebalanced.Table4 shows the BEPsbetween
jist-4 andjit executions.For theseexperiments,
we performeda single iterationof eachmethod(i.e.,
we settheS parameterto 1, whereapplicable),vary-
ing only the size of input data. We can notice that
the obtainedvaluesare reasonablysmall; for exam-
ple,Lempel-Ziv compressionreachesits BEPfor data
smallerthan1 KB.

Concerningparallelization,oneshouldkeepin mind
that theaveragenumberof instructionsissuedat each
clockcycle(IPC) for Ccodeperformingthesameoper-
ationsasin ourbenchmarksrangesbetween1.6and1.9
dependingon thebenchmark.Table6 reportstheIPC
for thelongestrunsof eachbenchmarkprogram.The
IPC shown includetwo delays:explicit latencies,and
thereforecyclespentperformingno-operationinstruc-
tions(nop); andprocessorstallsduetocachemissesand
mispredictedbranches,whichexplainsthelow figures.
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Table3
Benchmarksperformancesfor thehighestvaluesof theparameters(ms)

Benchmark jit jist-1 jist-2 jist-3 jist-4

Matrix 2087.55 1707.96 1551.45 1551.31 1422.68
Cholesky 563.08 543.83 527.78 524.62 521.90
LZcompr 1438.13 1309.43 1311.87 1242.43 1085.12
Mean 811.66 706.51 649.22 643.09 586.85
Gauss 892.51 732.46 681.38 674.21 608.63
Dijkstra 2421.39 2148.19 2036.43 2005.64 1859.09
Sieve 1895.95 1625.40 1495.99 1488.68 1489.24
BubbleSort 2262.80 1973.85 1843.89 1747.32 1586.12

We cannoticethatCholesky is theonly benchmark
with IPC alwaysgreaterthanone. The phenomenon
can be explained saying that Cholesky works on
floating point data,and the floating point operations
aresimulatedvia softwarecall to functionswhichhave
a gooddegreeof parallelism,sincethey arestatically
compiled.

Table 7 shows the frequenciesof eachinstruction

class(Memory, Arithmetic-Logic andBranch)in the
benchmarkprograms.Thesefiguresaremeasuredon
thelongestbenchmarkruns,in orderto reducetheim-
pact oftheJIT compilercodein theinstructionstatis-
tics. TheALU entryrepresentsboththestandardALUs
andthemultipliers,sincemultiplicationareinfrequent,
between1% and 3% dependingon the benchmark.
Datafor theCholesky benchmarkis biasedby thelarge
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Table4
Singlerun BEPsbetweenjist-4 andjit

Benchmark BEP

Matrix N = 47
Cholesky N = 350
LZcompr N = 1010
Mean N = 140
Gauss N = 132
Dijkstra N = 250
Sieve N = 38000
BubbleSort N = 370

Table5
Datadependencies

Matrix Kaffe Cyclic
RegAlloc RegAlloc

WREG 73 9
RREG 179 166
RBREG 24 24
WBREG 0 0
WMEM 38 41
RMEM 0 9

useof floatingpointoperations,andthereforestatically
compilednativemethods.

The dataclearly show a dominanceof memoryin-
struction,which becomesimportantif thesefrequen-
ciesareweighedonthenumberof functionalunitsable
to serve them. TheLx Processorsimulatedin theex-
perimentshasasinglememoryunit andfour ALUs. In
spiteof theintroductionin jist-4 of memorydisam-
biguation,theload/storeunit remainsthebottleneckof
thesystem.Oneway to overcomeit, otherthanby ex-

tendingthehardwareconfiguration,couldbetoemploy
more powerful alias analysis,in order to solve false
dependenciesonmemory. However, thissolutioncosts
an additionalaliasanalysispassand its effectiveness
remainsto bemeasured.

Theschedulingoverheadof jist-4 (all optimiza-
tionsadded)is about0.5%of theruntimesof Table3,a
rathernegligible fraction,eventhoughit is 25%of the
overallcompilationcost.

To give a metric of cost efficiency of the im-
plementedoptimizations,we proposea normalized
cost/benefitratio. Let Oi,p be the overheadof an
optimizationpassjist-i on benchmarkprogramp,
Pi,p(N) be the execution time dependingon prob-
lem sizeN, O0,p bethecompilationoverheadof jit,
and P0,p(N) be the execution time on jit. Let
Si,p(N) = P0,p(N)/Pi,p(N) bethespeedupwith re-
spect to jit and Ci,p = O0,p/Oi,p the slowdown
due to the optimizationcost. Let S i,p be the value
for maxN (Si,p(N)). ThenRi,p = Ci,p/Si,p is the
cost/benefitratioforjist-i onprogramp. SinceR i,p

is normalizedwith respectto costandbenefitfor jit
on programp, we can obtain an averageR i, which
rangesfrom R1 = 0.95 to R4 = 0.86 (standarddevi-
ationarealwayslessthan0.08). In conclusionthein-
creasein costof thevariousjist-i is alwayssmaller
thantheincreasein performancesthey canprovide. It
remainsfor future investigationto discover wherethe
law of diminishingreturnsstartsto operatefor more
aggressiveoptimizations.
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Table6
InstructionsissuedperClock Cycle

Benchmark jit jist-1 jist-2 jist-3 jist-4

Matrix 0.54 0.67 0.74 0.74 0.80
Cholesky 1.08 1.13 1.17 1.18 1.19
LZcompr 0.52 0.58 0.58 0.61 0.70
Mean 0.75 0.90 0.99 0.99 1.09
Gauss 0.75 0.95 1.04 1.04 1.15
Dijkstra 0.66 0.75 0.79 0.81 0.88
Sieve 0.59 0.67 0.72 0.78 0.73
BubbleSort 0.52 0.60 0.64 0.67 0.74

Table7
Instructionclassfrequencies

Benchmark MEM ALU BRU

Sieve 46% 40% 14%
Matrix 50% 42% 8%
LZcompr 48% 37% 15%
Mean 42% 49% 9%
Gauss 40% 51% 9%
Cholesky 28% 59% 13%
BubbleSort 46% 42% 12%

5.3. Comparisonwith relatedapproaches

Thereare several different ways to optimize Java
programs:in additiontoJITcompilers,Ahead-Of-Time
(AOT) compilers,Java processorsandnative libraries
areall usedto this end.

AOT compilers[23] move the compilationof the
Javabytecodeaheadof thestartof theexecution.While
this canprovide a degreeof reductionof thecompila-
tion overhead,the benefitcanonly be obtainedif the
programcanbecompiledbeforeit is executed– thatis,
if theneedto executetheprogramis detectedearly, the
programis fully available(thereis noneedfor dynami-
cally loadedlibraries),andsufficientspaceis available
in memoryto hold thecompiledprogram.If thesere-
quirementsarenot met,AOT compilationis no better
thanJIT compilation. Our resultsarethereforeuseful
evenin AOT settings.

Java processors[24] arespecificpiecesof hardware
that executeJava bytecode. They may provide large
improvementsin performances,but cannottakeadvan-
tage ofthe largeamountsof redundancy in Java code,
andarenotnormallyableto exploit parallelism.More-
over, Java processorsonly executesubsetsof theJava
bytecodelanguage.

Native libraries, interfacing with Java programs
throughthe Java Native Interface(JNI) are a viable,
efficientway to dealwith performancerequirementsin
Java programs. However, the useof native libraries
directly conflictswith oneof the strongestpoints for
theadoptionof Java: native librariesarenot portable,

sincethey arewritten andcompiledfor a specificar-
chitecture.

6. Conclusionsand futur ework

We have describedJIST, a Java bytecodecompiler
targetedto the HP/STM Lx processor, a small VLIW
chipusedfor embeddedsystems.Thisresearchproject
wasplannedin ordertoassess theperformancesof Java
programsonsuchinexpensiveprocessors.Effectivein-
structionschedulingandregisterallocationapproaches
have beenchosen,andtheir performancessystemati-
cally evaluatedfor asetof smallbut significantbench-
marks. Due to the choiceof the Kaffe JIT compiler,
thescheduleroperateson basicblocks. As a first step
towardsmoreglobalscheduling,we have alsostudied
codemovementacrossblocks. Anothersteptowards
moreaggressive optimizationis the introductionof a
simpleform of memorydisambiguation,whichallows
a moreeffective useof thesingleload/storeunit. The
costeffectivenessof the optimizationshasbeenmea-
suredboth oneby one andcollectively. The overall
picturefills agapin theavailableliteratureondynamic
compilationandconfirmsthevalidity of bytecodeJIT
translationfor simpleVLIW targets.

Through the optimizationsimplementedin JIST,
scheduledcodecanachieve maximumspeedupsrang-
ing from 20% to 45% in termsof the executiontime
with respectto sequentialcode.Theseresults,though
obtainedby dynamictransformations,arecomparable
with thoseachieved bystaticcompilersthatdonotex-
ploit parallelismbetweendifferentiterationsof asame
loop: a recentsurvey [21] reportsthattheperformance
improvementachieved on multiple instruction issue
processorsby statically schedulingbasicblocksmay
rangefrom 20 to 50%. Moreover, our codegenerator
andschedulercanachieve the performancedescribed
in [6], in theidealcaseassumedtherein.Moreimprove-
mentsshouldbe obtainablethroughmoreaggressive
transformations.
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Currently, wearebuilding two extensionsto ourVir-
tualMachineandJIT compiler:

– A global schedulingframework, aiming at the
implementationof a schedulingalgorithm akin
to TraceScheduling[25] or SuperblockSchedul-
ing [26];

– A selective compilationandoptimizationframe-
work,toenabletheVM toselectbetweencompiled
andinterpretedexecutionof eachmethod,andto
activateoptimizationsonly on the kernelregions
of a method,basedon information from profil-
ing andcompilerhints(from theJava to bytecode
compiler).

Future researchwill also experiment additional
globalschedulingalgorithms,andotheroptimizations
such as methodinlining. The final goal is to dis-
cover theborderline wheretheoptimizationcostsout-
weigh the benefitsfor typical embeddedapplication
benchmarks.Another direction for future works in-
volvesevaluatingthe combinationof VLIW architec-
tureanddynamiccompilationof portablebytecode,as
the building blocks of non-homogeneousdistributed
systems.This directionwould combinetheeffective-
nessof VLIW architecturesin exploiting instruction–
level parallelismwith thecapabilitiesof dynamiccom-
pilation to provide a virtualizedview of the architec-
ture,allowing for adegreeof object-codecompatibility
notnormallyavailablein VLIW.
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