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Abstract. Theapplicationfieldsof bytecodevirtual machinesandVLIW processorsverlapin theareaof embeddedndmobile
systemswherethe two technologieffer differentbenefitsnamelyhigh codeportability, low power consumptiorandreduced
hardwarecost. Dynamiccompilationmakesit possibleto bridgethegapbetweerthetwo technologiesbut specialattentionmust
be paidto softwareinstructionschedulinga mustfor the VLIW architectures.

We have implemented]IST, a Virtual Machineand JIT compilerfor Jasa Bytecodetarmgetedto a VLIW processar We shav
theimpactof variousoptimizationson the performanceof codecompiledwith JIST throughthe experimentalstudyon a setof
benchmarkprograms.We reportsignificantspeedupsandincrementdn the numberof instructionsissuedper cycle up to 50%

1. Intr oduction

Parallel computationis a responseo the growing
needfor processingpeedwhichexistsin bothembed-
ded andhigh-performanceaystems.In the embedded
systemdield, demandingequirement®n paver con-
sumptionandprocessingpeedareimposednthede-
sign. In the high performancdield, processingpeed
is themaingoal.

Parallelism can be employed at different levels of
granularity At finegrain,parallelismis foundbetween
individual instructionsthat do not have data depen-
deng constraintswhile at increasinglycoarsergrain
onecanfind parallelismbetweerdifferentiterationsof
the sameloop, or betweerdifferenttasksof a system.
/An attractivetechnologicasolutionfor achieving speel
with low power is offered by new VLIW processors
designedor embeddedystemsbut furtherconditions
areimposedby softwareconsiderations.

VLIW processorsirethe resultof atrendto move
computationfrom runtime (and the hardware)to the

1This work was partially supportecdby STMicroelectronics.
no

with respecto the non-schedulingersionof the JIT compiler Furtheroptimizationsarediscussed.

compiler: ratherthanperforminginstructionschedul-
ing by meansof a specializechardware support,the
compileris requiredto provideascheduleatodeto the
processar

Currently mostVLIW-basedsystemsadopta static
compilet but additionalrequirementimposedy soft-
ware considerationsn our target domainlead us to-
wardsa moredynamicsetting. Many applicationsgs-
pecially in multi-mediaand communication,operate
with downloadableprogramsanddynamicallylinked
libraries. The downloadedorogramcanbe aindustry-
standardnachinelanguageor a machine-independent
bytecode.In bothcaseghe codemustbetranslatedo
the native VLIW codeand scheduledor instruction-
level parallelizationjn orderto obtaintherequiredoer
formances. But codetransformationshould not be
donestatically (i.e. aheadof execution)for a number
of well-known reasonsincludingunacceptableompi-
lation delayand un&ailability of dynamicallylinked
routines. Oneis left with the possibility of dynami-
cally translatingfrom the downloadedcodeto the na-
tive scheduleccode. But of coursemary critical fac-
torsaffectthefinal convenienceof suchsolution. The
hardwaremustbesuitableto runthecompiler thecom-
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the optimizationsperformedmustbe choserfor their
cost/efectiveness.This is the technicalchallengewe
havetakenin thelongrun,to desigradynamiccompiler
from Java bytecodeto the (HP and STM) Lx VLIW
processarthat would achieve good performancefor
typicalembeddegrograms.

The choiceof Java asthe targetlanguagés appro-
priatefor ourtask,thanksto two qualifyingfeatures:

— Javaiis compiledto a machineindependenbyte-
code, which males it suitablefor downloading
new codefrom a remotesource,which hasno
knowledgeof thetargetarchitecture;

— Javais a popularlanguagewith a strongsupport
from the industry; it is being favorably consid-
eredfor adoptionis theembedde@ndmobilesys-
tems[1,2] aswell asin scientificand numerical
computing[3-5].

In boththe embeddedindthe scientificcomputing
areasthestrongestraitsof Javaarethepopularitywith
software developers the large numberof librariesal-
readyavailable,andmostof all the portabilityfeatures.
Ontheotherhand,the maindravbacksareconsidered
to bethereducedperformanceslueto bytecodenter-
pretationandlack of optimizationin JIT compilers.

Thereforemoreparallelismneeddo beextractedby
the JIT compilersto make themsuitablefor adoption
in thesefields. While existing techniquesrom the
static compilerscan sometimese portedover to the
JIT, therisk of unfavorabletrade-of betweercompiler
overheadandperformanceéncreases high, andmust
be analyzedhroughexperimentation However, there
arenoimplementationsf JavabytecodelIT compilers
thatcanbeusedfor evaluationon VLIW machines.

The JIST (Just-in-timeSchedulingTranslator)pro-
ject was startedto addressthis issue. As a result,
a completerunning prototypehasbeenimplemented,
anda summaryof designdecisionsandmeasurements
cannow be reported. They shouldinterestthosein-
terestedn the performancesf Javra onasmallVLIW
processqrandbe alsovaluableto peopleworking on
dynamicaltranslatorsn differentsettings. We focus
on the designaspectghat arecritical for theintended
target architecture:registerallocationandinstruction
scheduling;but we also considerthe impactand the
managementf generaissuessuchasmemorydisam-
biguation. The measurementarefairly analyticaland
allow to pinpoint the cost/efectivenessof individual
optimizations.

The analysisis focusedon Java coderatherthanon

that libraries are part of the residentsystemand can
thereforebe staticallycompiledandoptimized.More-
over, asthe applicationfield of Javza becomeswider,
pure-Jaalibrariestendto becomemoredesirablehan
native C libraries,sincethey areeasierto producefor
programmersvhoseprimary languagels Java itself.
The ability of the Java platformto effectively useits
native languagefor expansionof the classlibrary is
alsoimportantto avoid cluttering the native libraries
(whichareusuallyshippedwith theVirtual Machineit-
self)with featureselevantonly to alimited application
domain,while allowing theapplicationdesigneto use
third party librarieswithin the mainapplicationwhen
needed.

Thepapeiis organizedasfollows. Sectior? presents
abriefaccounof relatedwork. Section3 describeshe
architectureof the JIST VM andcompiler Section4
describeghe register allocationand schedulingpoli-
cies,andthe memorydisambiguatiortechnique.The
experimentalresultsare reportedin Section5, while
Section6 draws the conclusionsand mentionsfuture
developments.

2. Relatedworks

Early proposaldor exploiting instruction-level par
allelism (ILP) for Java Bytecode where basedon
the Java Processorconcept]6,7]. SunMicrosystems
MAJC processof7] was designedo efficiently exe-
cute JaaBytecodesThepioneeringvork of Ebcioglu
etal. [6] proposedhe useof a JIT translatorcoupled
with a software schedulingalgorithmon a processor
thatofferedinstructionlevel parallelism.Theideawas
moreof designinga new processofor Java Bytecode
executionthanto useastandard/LIW machineput it
includedthepossibilityof adoptinghesamealgorithm
for differentarchitecturesOur basicschedulingalgo-
rithmis rathersimilar, sincebotharegreedyandsched-
ule eachinstructionassoonasits operandsareready
However, asthegoalof [6] is moreto proposea nowel
architecturetheir publisheddataignore the schedul-
ing andcodegeneratioroverheaddor ary real archi-
tecture. As far as pureschedulings concernedJIST
matchesthe ideal performance®f [6], and provides
experimentatesultsfor areal VLIW machine.

Otherrelevantworksdealwith generabinarycom-
patibility problems. One especiallysignificantwork
is DELI [8]. The scopeof DELI is beyondthat of a
JaraVM/JIT, providing the ability to emulatedifferent

native libraries. This choiceis justified by the fact  hardwaremachines. .
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Of thevariousJava VMs andJIT compilers[9,10],
LaTTe[11] andmicroJIT[12] aresomehav relatedto
ourown. They arebothbasedntheKaffe framework,
but they schedulénstructiondor generapurposeRISC
ratherthan VLIW machines. LaTTe is notablefor
linear scanregisterallocation,while microJIT doesa
fastersinglepassregisterallocation.

Focusingon dynamic compilationfor VLIW, the
DAISY project{13] involvedfastbinaryto binary trars-
lation, includingoptimizationpasseslik e copy propa-
gationandinstructionscheduling However, thesource
languagewas the machinecode of IBM’'s PowerPC,
andthe architecturdeaturedsimplifying assumptions
suchasexception-freeexecution.DAISY’ sinstruction
schedulings moreaggressie thanour currentimple-
mentations,as the scheduledregion is a tree region
ratherthanabasicblock.

Earlierworksin dynamiccompilationfor VLIW ma-
chinesfocusedon binary compatibility betweendif-
ferent VLIW architectureas[14], or, as DAISY, on
compatibility betweentraditional RISC machinesand
VLIWs. On the otherhand,our work is orientedto
anhigherlevel of codecompatibility, asis allowed by
machine-independehytecodes.

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

A sunwey of dynamiccompilationissuesanbefound
in [16].

For thememorydisambiguatiomssuethework near
estto ourfield is [17], which providesanextensie list
of worksrelatedto aliasanalysis.

3. JIST architecture

The target for the JIST projectis the Lx processor
family developedby HP andSTMicroelectronic$18],

Fig. 1. Lx singleclusterarchitecture.

from [18], shavs a single cluster The single cluster
Lx employedin our project,in additionto the ability
toissueupto fourinstructiongpercycle,allows simple
predicatve executionthroughselectinstructions.

JISTisbasedntheKaffe VM andJIT compiler{19],
a cleanroomimplementatiorof the Java Virtual Ma-
chine(JVM) specificatiorf20], plustheassociatedava
classlibrariesneededo provide a Java runtime ervi-
ronment.It is writtenmostlyin ANSI C, with machine
dependenpartsin Lx assembly It offersthreemain
executionmodespr enginesfrom the lessto themost
efficient:

intr p A portof theKaffe interpreterimplements
theJavaVM specifications;

jit A port of the Kaffe JIT compiler version3,

producesequentiamachinecode;

jist The schedulingdIT compiler addsseveral
schedulingandregisterallocationoptionsto the
standard i t .

Figure 2 shaws the architectureof the JIST VM:
a Java program,compiledto bytecodeby an external
compilet is readby the VM frontendand translated
in theintermediateepresentatiorkKaffe IR. Whenthe
VM isin interpretemode eachKaffe IR instructionis
simulatedby thei nt r p engine.Theonly interaction
with thenativeinstructionsethappenstnative method
calls, wherethe parametersf the call mustbe trans-
lated from the internalrepresentationf Kaffe to the
machinecall algumentformat.

On the otherhand,the JIT compilerstranslatecode
to the Lx native instructionset. The schedulepassis
only performedn j i st .

The generated¢odeandthe VM itself areexecuted
onanlLx ISA simulator

Thej i st worksin threesteps:

1. performananalysisof the controlflow, in order
to generatanformationfor the codegeneration

a clusteredVLIW architecture. Figure 1, adapted ~ andschedulingpass;
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4. Dynamic optimization
Java Program
[} This sectiondescribegshe optimization passesve
Java to Bytecode Compiler have de.yelt.)pedfor.the\]ISchmpller namelyreg|ster
allocation,instructionschedulingandmemorydisam-
! biguation.
Java Bytecode
T 4.1. Raisterallocation
Kaffe Interm. Representation Recall that the Kaffe VM offers a two-stepregis-
7 ) ter allocationpolicy. First, it triesto allocateasmary
variablesas possibleto global registers. Thesebind-
Kaffe JIT ingsareguaranteetb hold acrosshasicblocks,sothat
Kaffe ) thereis no needfor spills at basicblock boundaries.
| Then,shortlived variablesareallocatedto non-global
nterpreter Scheduler . . .
registerswith aleastrecentlyusedpolicy.
- ' Thenumberof globalregistersis a parameteof the
Machine . . .
Interface Lx Binary allocationalgorithm,andit affectstheperformancesf
I — thetranslatedtodeasthenumberof spillsneededtthe
basicblock boundaryvaries. Experimentsconducted
Lx ISA Simulator duringthedevelopmemof JISTprovedthat6to 8global

Fig. 2. Executionof Javain JIST.

2. translateeachbytecodeto native code,perform-
ing registerallocationatthe sametime;
3. schedulehetranslateccode,andemitit.

Thetranslationis performedat methodgrain,thatis
eachmethods entirelytranslatedn asingleactivation
of the translator andthe translationtakes placewhen
themethodis invoked for thefirst time.
Figure 3 shavs how a sequencef Jasa Bytecodes
(the sameasin [6]) is translatedfirst to the Kaffe IR
andthento the Lx native code. Finally, the schedule
obtaineds highlightedby the machingssuecycle.
Figure 3 shawvs how the Kaffe IR generateseparate
IR instructiondor computatiorandstackmanagement
(seetheexplicit popandStadk acces®perations)Due
to the register allocation phasemostcopiesbetween
Javastackandlocalscanberemoved,sothatonly rele-
vantcomputatioris actuallyperformedn thegenerated
code. The schedulerthenallows theissueof multiple
instructionsin a singlecycle, e.g.thetwo additionsin
Fig. 3.
The schedulingand register allocation algorithms
arethemainimprovementbver theoriginal Kaffe VM,
alongwith thememorydisambiguatiophaseandwiill
peae e e

pean aefaiin mnenex on

registersareneededo minimizethespills.
Inourcasethelx architecturg@rovidesalargenum-
berof registers— 64, minusthoseusedfor specialpur-
posessuchasthe stackpointer Thereforegvenafter
allocatingenoughglobal registers,a large numberof
registersareavailablefor additionaloptimization.
Sincethe Kaffe registerallocatordoesnot change
an allocation unlessit is forcedto do so, a consid-
erablenumberof false dependenciesre createdby
the allocationand codegeneratiorphase. In orderto
avoid a costly post-schedulingeallocationphase we
replacedthe Kaffe allocatorby a differentallocation
policy, calledcyclic register allocation, thatallocates
a new registerevery time a valueis written. This re-
moves the falsedependenciesindgives the scheduler
moreopportunitiesor out-of-orderexecution.
Figure 4 shavs how the cyclic register allocation
affectsthetranslatiorflow andthe quality of produced
code. Thefirst two columnson theleft reportthe Jasa
codeof two consecutieinstructionsandits translation
into asimplifiedversionof bytecale. Foreachbytecode
instructionit is shavnits semanticsaslist 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,the emittednative codeis listed. It
canbenoticedthateachregisteris associatedb a Java
Frameslot. Thearrans explain how the Kaffe classic
egisterallocationpolicy works: it triesto maintaina
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ByteCode Kaffe IR Macros Lx Code Cycle
iload_1 move_int (local > Stack(0))
iload_2 move_int (local > Stack(0))
iadd add_int(Stack(1) = Stack(0) + Stack(1)), pop ADD $r1 = $r16 + $r17
iload_3 move_int (local > Stack(0)) 1
iload_4 move_int (local > Stack(0))

ADD $r2 = $r18 + $r19
iadd add_int(Stack(1) = Stack(0) + Stack(1)), pop
isub sub_int(Stack(1) = Stack(0) Stack(1)), pop SUB $r1=$r1 $r2 :I 2
istore_5 move_int (Stack(0) > local), pop
iload_5 move_int (local > Stack(0))
ireturn returnarg_int(Stack(0)) MOV $r16 = $r1 :I 3

longaspossiblearelationbetweeraslotandaregister
in this casebetweerthe deepesslot of the Java Frame
andthe register$rx. This mappingpolicy generates
a Write After Read(WAR) dependeng betweenthe
third andthe secondnstruction,that canbe removed
usingthe cyclic registerallocation. The last column
highlights how this techniqueis applied: when the
deepestslot is rewritten, it is associatedo the first
availableregister whichwill bedifferentfrom $rx. In
thiscasesincetherearenodatadependencidsetween
the secondandthethird instruction,the schedulecan
switchthem.

However, thecyclic registerallocationhasoneweak
point, thatis it may force the codegeneratoto pro-
duceextra spills, as more registersarein use. This
phenomenotaslimited impacton the spills thatare
createdat branchessincethe valuesthat needto be
preseredarekeptin global registers,but it hassome
impactwhenacall is producedhatwas notin the Java
Bytecodecontrolflow, as,for example,is the casefor
operationsupportedhroughlibrary functions,suchas
the 64 bit integer andthe floating point operationsn
theLx processarWewill revisit thisissuein Sectiorb.

4.2. Instructionscheduling

The schedulingalgorithmis the critical part of any
compilerfor a VLIW architecturesinceit conditions
the exploitation of instruction level parallelism In
a dynamiccompiler, thereis a trade-of betweenthe
schedulequality andthe schedulingime. Therefore,
only fastinstructionschedulingalgorithmaredeemed
acceptablés this context.

Therearetwo mainclasse®f schedulinglgorithms,
icblocklevel andthosethatcon-

NOSeElNatworKkaina

Fig. 3. Exampleof translationandschedulingof a sequenc®f Bytecodes.

sideralsocontrolflow structures.We choseto imple-
mentabasicblockschedulefor two mainreasonsit is
requiredfor the developmenibf morepowerful sched-
ulers,andit canguarantedow schedulingtimes. A
suney of the differentschedulingalgorithmscan be
foundin [21].
Ourschedulemplementsagreedyalgorithm based
on the opemtion scheduling paradigm,and applying
the As Soon A$ossible(ASAP) stratgly. The opera-
tion schedulingmethodchoosesat eachiteration,an
instructionfrom areadyset,andtriesto insertit intothe
partial schedule while preservingcompatibility with
datadependenciesnd resourceconstraints. In our
casethenext availableinstructionis thelastinstruction
generatedby the JIT Translatorandthescheduletries
to schedulét in the earliestpossibleposition.
Theschedulescopeis limited by a schedulingwin-
dow, which guaranteesan upperboundto time com-
plexity, as the numberof potentialpositions(or slot9
to checkfor aninstructionis limited by the schedul-
ing window length. Within the window, the current
instructionis first allocatedto the lasttime slot, shift-
ing thewindow if theinstructioncannoffit. Then,the
algorithm, describedn Fig. 5, attemptsto move the
currentinstructionup in the window, stoppingwhena
dependengis reachedandskippingtime slotswhere
the currentinstructioncannotbe allocateddueto lack
of resourcesBranchinstructionsarealwaysscheduled
lastin the window, andthe window is flushedwhena
basicblock ends. Thewindow sizeis a parameteof
the algorithm. We testedthe schedulemwith window
sizesrangingfrom 2 to 20. The optimumsizefor the
benchmarkslescribedn Section5 wasfoundto be8.




Galley Proof 25/11/200510:32

Java Code Pseudo BC

push a

push b

add

store a
push ¢
pushd

add

NN

store ¢

shift (sched_win, 1);

sched time

for (index

index <

index index - 1 )

if
elsif

sched_time

}

dependencieandresourcesonstraintsWe have con-
sidereda VLIW machinghatcanconsumdour ALUs

andonly oneLoad Stote Unit (LSU) at eachclock cy-

cle. Moreover, in this example,we have limited the
shifting window sizeat two.

At stage(a) the shifting window is empty andthe
schedulercan insert the incoming instruction, nov

$r a=0, inthefirst slotof thefirst bundle Thenextin-

cominginstruction,mov $r b=4, is scheduledn par

allelwith thefirstone filling thesecondlotof thesame
bundle: thisis legal becaus¢hereareno dataconflicts
betweerthetwo instructiongb). Thethird instruction
ol ine e N N N

Java Frame

void schedule (instr *cur instr)

if (check_deps(cur_instr, index)

{

(check deps(cur instr, index))

File: spr192.t&; BOKCTP/Haingp. 6
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Native Code Native Code

(cyclic allocation)

add $rx=S$ra+$rb add $rx=$ra+$rb

mov $ra=$rx mov $ra=$rx

add $rx=$rc+$rd add $rw=$rc+$rd

mov $rc=$rx mov $rc=$rw

Fig. 4. Exampleof cyclic allocationpolitics.

{
Il

arch constraints(cur instr, last(sched win)))

last (sched win);
if !is branch(cur instr)
last (sched_win);

first (sched win);

break;

(!arch_constraints(cur_instr, index))

index;

emit instr(cur_instr, sched time);

Fig. 5. Basicinstructionschedulingalgorithm.

and$r b andput theresultin $r c, canbe scheduled
only in thesecondwundle,asshovnin (c). Thisis due
to a ReadAfter Write (RAW) dependengbetweerthe
currentinstructionwhichreadgegistersbr a and$r b,
andthe previousinstructionghatwrite the sameregis-
ters. For the samereasonthe next incominginstruc-
tion, nov $r x=%$r ¢, canbe schedulednly at clock
cyclethree:sincethereis noroominto the scheduling
windows, it will be shifted(d); this meansthat, from
now on,theschedulingalgorithmcannotreachthefirst
bundle— it will be impossibleto usethe free slots of
thatbundle. The last two instruction(e, f ) couldbe
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mov $ra=0 mov $ra=0 mov $rb =4

(a) (b)
mov $ra=0 mov $rb =4 mov $ra=0 mov $rb =4
add S$rc,$ra,$rb add $rc,$ra,$rb

mov $rx = $rc

(c) (d)
mov $ra=0 mov $rb =4 mov $ra=0 mov $rb =4
add $rc,$ra,$rb | 1d $rw = 0[$rz] add $rc,$ra,$rb | 1d $rw = 0[$rz]
mov $rx = $rc mov $rx = $rc | st 8[$rz] = $ry

(e) ()

Read(WAR) dataconflict betweenst (st ore) and
| d (I oad): theexecutionrmodelimposeghatthewrite

resultstepsbe executed within the sameclock cycle,

afterthereadoperandsteps.However, we mustsched-
ule thesixthinstructionafterthefifth, becausenly one
load/storeunit is availableperclock cycle.

The algorithm presentechereabwe is ableto cap-
ture muchof the ILP availablein the basicblock: we

testedt offline againstatraditionallist schedulerandit

However, it hasno ability to detectandexploit paral-
lelism acrosdifferentbasicblocks.

A secondschedulingoption was thereforeadded,
where the algorithm can move instruction acrossa
branchboundaryby predicatingthem. Move instruc-
tions aretransformednto selectinstructionswith the
samepredicateasthebranchcrossed.
Otherinstructionsthatwrite a registeraresplit into
two parts,asshavn in Fig. 7, wherethefirst part exe-
cutestheoperationandwritesto atemporaryregister
while the secondpartis a predicatedmove between
the temporaryandtametregister In this schemathe
schedulingvindow is not flushedat the endof a basic
blockif anopportunityfor inter-basichlockscheduling
is detected.

Usually, onlyinstructionghatdonotmodifythecon-
trol flow nor raiseexceptionscanbe moved. However,
instructionsthat raiseexceptionscanbe maove if the

did notshaw asignificantdegradatiorin performances.

Fig. 6. Exampleof shifting windows and ASAP policy.

have anon-ecepting equialent,whichis theirusedn

theirstead.This modifiesthesemantic®f theprogram
to a certainextent,sothe globalschedulecanbeonly

appliedif this change- i.e., not raising an exception
whenaloadinstructionfails—is acceptable.

4.3. Memorydisambiguation

Oneof the major constraintsn instructionschedul-
ing is imposedby aliasingof memorylocation. Ba-
sically, the memoryis consideredasa singlelocation
for the purposeof decidingwhetherthe schedulecan
move aninstructionwithout having it overwrite a da-
tum neededy anotheroperationpr reada datumthat
hasnotyet beenwritten[17].

Sincealias analysisbasedon flow is computation-
ally intensve, we performmemorydisambiguatioron
binary code. In this casethe namesof addressesare
of thetypek[$rz], wherek is aconstant$rz is called
baseregister, andthe memoryaddresss computedas
k + contentOf$rx).

Ourinstructioninspectiontechniquevorkswithin a
basicblock,andaimsatreachingwo differentgoals:

— recognizenamesthat arealwaysaliasandapply,
if possiblea copy propagatiorpass;
— detectnamesthat are not alias and then exploit
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NOP

NOP

BR $b0 target

ADDI $r1=$r2 +1

(a)

Asfor thefirst goal,we exploit theinterfaceprovided
by j i t 3 of Kaffe to handlecopy propagation: the
analysisinformation that two slots of the java stadk
are aliasesis passedo the Kaffe framawvork, so that
theregisterallocatorattemptdo mapthemto thesame
register;if theattempts successfuhneventualcopy is
nottranslatedo natveinstructians,therebyperforming
dead codeliminationon thefly.

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

1. they usedistinctoffsetfrom the samebaseregis-
ter: k1 [$7“l‘1] 75 k2[$’r$2] = x1 =T2/Nk1 75 ko

2. oneusesa register known to point to the stack
andthe other usesa register known to point to
the global dataarea: k1[$rx1] # ko[$ras] <
($rz1 = spASrae # sp)V($rzg = spASrzy #
sp), wheresp is the currentstackpointervalue;

Specificallyweuseinformationonthestoreandlioad
operationscreatedby basicblock prologuesand epi-
logueswhichalwayswrite andreadvalueso andfrom
stacklocationsthatarenever aliasdueto conditionl.

This form of local aliasanalysisgives the scheduler
morefreedomto move memoryoperationgor out-of-
orderexecution.

5. Experimental evaluation

This sectionpresentghe experimentalresultsand
theirinterpretation.

In orderto understandhe effect of schedulingand
optimization on performanceswe have run several
benchmarkwith a rangeof input datasizes,andwe
have extractedtwo quantities:

1. The asymptoticspeedupobtainedby the four
j i st -iversionsrersusunschedulefli t execu-

ADDI $t1 = $r2 +1

SELECT $r1 = $t1 on $b0

BR $b0 target

(b)

Fig. 7. Crossinga BB boundary

improvementobtainedby optimizationandrun-
time scheduling;

2. Thebreak-&en pointof eachj i st-iandjit,
definedas the minimum problemsize allowing
the compiler to provide an increasein perfor
mancethat recovers the degradationcausedby
optimizationandschedulingimes.

A few wordsareneededo justify the setof bench-
marksandthe experimentaketting. Benchmarlsuites
for embeddedava applicationwere not readily avail-
able,andin ary caseheirsignificancevouldbesubject
to criticism becausemostembeddedystemsinclude
specialhardware devices and native libraries. More-
over it wasimpossibleto run large Java applications
on the Lx simulatedmachinewith reducedJava li-
brary supportavailable, thereforewe decidedto per
form measurementnsmallerprogramsrkernelsjn-
cluding both basicalgorithmsandoperationgelevant
to embeddedystems.

We alsodecidedto cut thelengthystart-uptime of
theVM, fromourmeasurementby runningthebench-
marksover alightweight,reducedersionof Kaffe JIT,
calledJitBasic,which allows the executionof almost
ary Java methodwith the exclusionof 1/O primitives.
Includingstartup timeswould have distortedour data
by measurementsf codenotgeneratedby JIST. How-
ever afew runswerealsoperformedwith thefull Jasa
VM, to compargheperformancef theinterpreterand
the otherexecutionengines.

We have selectedh mix of artificial benchmarksnd
realworld applicationkernels. For example, somef
ourroutinesmplemennumericamethodsisuallyper
formedin imageanddigital signalprocessing.Image
processings representatie of typical applicationsof
embeddedystems.

The benefitshighlighted by the resultscan be re-
producedon methodshaving the samecomputational
compl«ity andworking on the sametype of data.We
A|SOEeXpe Natourresultsinaicalea pra adlllim 1
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Tablel
Maximumsizeof parameters
Benchmark Parameters Max Size
Mat ri x N, the matrix order N =120
Chol esky S, the numberof iterations;N, the matrix order S =100,N = 1000
LZconpr N, lengthof thearray N = 4000
Mean N, the matrix order;S, the numberof iterations N =300, =3
Gauss N, the matrix order;S, the numberof iterations N =300,5S=3
Dijkstra N, the numberof verticesof the graph;S, the numberof iterations N = 1000,S = 4
Si eve N, intenal’s right bound;S, the numberof iterations N = 40000,S = 100
Bubbl eSort N, lengthof thearray N = 4000

termof performancémprovementsyalid for all VLIW
architecturesomparablevith Lx.

The benchmarksetis composedof the following
routines:

— Integermatrixmultiplicationalgorithm(Mat r i x); [l

— Cholesk’s floating point matrix factorizational-
gorithm(Chol esky);

— LZ compressioralgorithmon an array of bytes
(LZcompr);

— Meanfilter algorithm(Mean);

— Gaussiariilter algorithm(Gauss);

— Dijkstra algorithm to compute minimum dis-
tance betweentwo verticesin a direct graph
(Di j kstra);

— Sieve of Eratosthenealgorithm(Si eve);

— BubbleSort algorithm on an array of bytes
(Bubbl eSort);

All the benchmarksare parametricwith respectto
eitherthesizeof theproblem thenumberof iterations,
or both. Table 1 lists the parameter$or eachbench-
mark,andshovsthemaximumvalue oftheparameters
usedin theexperiments.

A generalssueto bediscusseds how thearithmetic
for floating point and 64-bit integer is implemented.
For theintendedapplication®f thelLx processaffloat-
ing pointcomputatioris eithernotneedecbr provided
througha coprocessQrwhich is not availablein the
simulator For 64-bitintegersthe currenimplementa-
tion of JIST usesemulationvia softwarecallsfor mul-
tiplication and division. For this reasonthe benefits
arelimited for benchmarksvorking on floating point
data,like Chol esky. Theintroductionof a Floating
Point Unit shouldmalke the resultscomparablewith
whatobtainedfor integerdata.

The reportedexecutiontimes (ms) refer to an Lx
processoworkingat250MHz.

5.1. Interpretationvs. JIT compilation

Thefirst setof resultsconcernthe performancesf

preter(i nt r p). Theinterpretebenefitfromcompile-
time schedulingasall partsof theVM writtenin C are
compiledwith a production— level compilertargeted
totheLx. Ontheotherhand,codegeneratethy theba-
sic versionof the JIT compileris notscheduledwhich
gives an additionaledgeto theinterpreter

Figure 8 reports the performances of the
Bubbl eSor t benchmarlonthefull JavaVM. Except
for small valuesof the parameterthe performances
of the interpreterare so much slower that it quickly
becamdampossibleto gatherexperimentaldata. Data
for theotherbenchmarksareconsistentvith thosepre-
sentedhereandwith previous literature[?], with the
performanceapbetween ntrp andj i t fastgrow-
ing with the problemsize. Theinterpreteiis therefore
anefficientsolutiononly for shortrunningbenchmarks
(lessthan1 s in the Bubbl eSort case),wherethe
total executiontime is dominatedby the cost of the
virtual machinestartup.

5.2. JIT optimizations

The next resultsconcernthe speedupobtainedon
baseline(j i t) with four differentversionsof j i st
all runningon JitBasic,to separatelyanalyzethe im-
pact of differentoptimization. As shawvn in Table 2
thefirst (j i st - 1) only addsbasicblock instruction
schedulingthe second(j i st - 2) addsboth schedul-
ing and optimized register allocation, and the third
(j i st-3) addsinter-basic block schedulingas de-
scribedin Section4.2, coupledwith a differentpolicy
of window flushing. The last optimizationperformed
is memoryaliasdisambiguatior{j i st - 4), whichal-
lows the scheduletto remove several falsedependen-
ciesbetweercouplesof memoryoperationgloadsand
stores).

Figures9 and10shav theperformancendspeedup
for the Bubbl eSort benchmark.As the numberof
iterationsgrows, the performanceyapbetweerthe ba-
sicj i t andthe optimized versionsincreases. The

peedupchartshaws that, in this case,the scheduled
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ticedthatthecyclicregisterallocationreduceghedata
dependencieamongregisters;in the Mat r i X bench-
mark,for example thefalsedependenciearereduced

Table 5 provides a report of the datadependeng
constraintsthat were detectedduring schedulingof
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Fig. 8. Executiontime for BubbleSort(ms).
Table2
ji st andjit configurations
Instruction Register Memory
Scheduling Allocation Disambiguation 0
jit none basic no by 81%.
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 slowerthantheunscheduledneonly for small
problemsizes. The impact of register allocationis
alsohighlighted,asthetwo j i st versionthatbenefit
from optimizedregisterallocationachieze amaximum
speeduphigher than 20%, while the standardKaffe
register allocation cannotreach15%. Thejist-3
JIT performsalways betterthanthej i st - 2 engine,
achieving near30%speedupverj i st - 1.

Figure 11 summarizesthe maximum speedups
achieved during our tests,correspondingdo the high-
estvaluesof the parametersspecifiedn Tablel. The
correspondingimulatedruntimes(ms)arereportedn
Table3.

Notice that the results are consistentwith those
shavn in theBubbl eSort case(Fig. 10), exceptfor
thej i st - 3 JIT which is alwaysableto compensate
its overheadbut the benefitsreachedare not always
significant. This is dueto the factthat, currently the
j i st -3 worksonrathersmallregionsof code.How-
ever, theresultsachiered onbenchmarktike Bubbl e
and LZconpr lead us to believe that methodinlin-
ing andamoreaggressieinter-basichblock scheduling
policy couldmakethej i st - 3 JIT beneficialon most
benchmarks.

In orderto further evaluatethe impact of register
allocation,we have tracedthe datadependeng con-

Mat ri x. Theattemptdo write in registerthat needs
tobepresered(WREQ arefalsedependenciesndare
addressetdy the cyclic registerallocationpolicy. The
otherclassegepresentonstrainton conditionregis-
ters(WBREGandRBREG andmemory(WMEM and
RMEM), andtruedependenciesnregistersRREG The
registerallocationis ableto reducghenumberof false
dependenciegn registers(WREGQG.
Someconsiderationare necessargboutthe Break
EvenPoint (BEP).This quantityis thesizeof theprob-
lem for which the costsof schedulingand optimiza-
tions arebalanced.Table 4 shavs the BEPsbetween
jist-4andjit executions.For theseexperiments,
we performeda singleiterationof eachmethod(i.e.,
we setthe S parameteto 1, whereapplicable) vary-
ing only the size of input data. We can notice that
the obtainedvaluesare reasonablysmall; for exam-
ple, Lempel-Zv compressiomeachests BEP for data
smallerthanl KB.
Concerningparallelizationpneshouldkeepin mind
thatthe averagenumberof instructionsissuedat each
clockcycle(IPC) for C codeperformingthesameoper
ationsasin ourbenchmarksangesetweerl.6and1.9
dependingpn the benchmark.Table6 reportsthe IPC
for the longestrunsof eachbenchmarlkprogram.The
IPC shavn includetwo delays: explicit latenciesand
thereforecycle spentperformingno-operationnstruc-
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Fig. 9. Performancef the BubbleSortbenchmarkusingj i t ascomparison.
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Fig. 10. Speedumf the BubbleSortbenchmarkusingj i t ascomparison.
Table3
Benchmarkgperformancesor the highestvaluesof the parametergms)
Benchmark  jit jist-1 jist-2 jist-3 jist-4
Matrix 2087.55 1707.96 1551.45 1551.31 1422.68
Cholesly 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 cannoticethatChol esky is theonly benchmark
with IPC always greaterthanone. The phenomenon
can be explained saying that Chol esky works on
floating point data, and the floating point operations
aresimulatedvia softwarecall to functionswhich have
a gooddegreeof parallelism,sincethey arestatically
compiled.

class(Memory, Arithmetic-Logic and Branch)in the
benchmarkprograms. Thesefiguresare measurewn
thelongestbenchmarkuns,in orderto reducetheim-
pact ofthe JIT compilercodein the instructionstatis-
tics. TheALU entryrepresentboththestandard\LUs
andthemultipliers,sincemultiplicationareinfrequent,
betweenl% and 3% dependingon the benchmark.
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Asymptotic Speedup
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Fig. 11. Maximumspeedupschieved.
Table4 tendingthehardwareconfigurationcouldbeto employ
Singlerun BEPsbetweerj i st-4 andj i t ) L.
more powerful alias analysis,in orderto solve false
Benchmark BEP dependenciesnmemory However, this solutioncosts
Matrlx =4t an additionalalias analysispassandits effectiveness
Cholesly N =350 _ ySISp
LZcompr N =1010 remainsto bemeasured.
Mean N =140 Theschedulingoverheadf j i st - 4 (all optimiza-
Gauss N =132 tionsadded)s about0.5%of theruntimesof Table3, a
Dijkstra N =250 h ligible f . h hit is 25%of th
Sieve N — 38000 ratherneg igik e_ractlon,event oughit is 25%o0f the
BubbleSort N =370 overallcompilationcost.
To give a metric of cost efficiency of the im-
Table5 plementedoptimizations, we proposea normalized
Datadependencies cost/benefitratio. Let O;, be the overheadof an
Matrix Kaffe Cyclic optimizationpassj i st - i on benchmarkprogramp,
RegAlloc RegAlloc P; ,(N) be the executiontime dependingon prob-
WREG 73 9 lemsizeN, Oy, bethecompilationoverheadfj it ,
EEE(E;G 1;2 12? and P, ,(N) be the executiontime on jit. Let
WBREG 0 0 Sip(N) = Fop(N)/Pip(N) bethespeedupwith re-
WMEM 38 41 spectto jit andCi;, = Oo,/0;, the slovdown
RMEM 0 9 dueto the optimizationcost. Let S;, be the value
for mazn(S;p(N)). ThenR;, = C;,/S;, is the
useof floatingpointoperationsandthereforestatically cost/benefitatioforj i st - i onprogranmp. SinceR; ,
compilednative methods. is normalizedwith respecto costandbenefitfor j i t
The dataclearly shov a dominanceof memoryin- on programp, we can obtain an averageR ;, which
struction,which becomesmportantif thesefrequen- rangefrom R; = 0.95 to Ry, = 0.86 (standardlevi-
ciesareweighedonthenumberof functionalunitsable ationarealwayslessthan0.08). In conclusiorthein-
to sene them. The Lx Processosimulatedin the ex- creasén costof thevariousj i st - i is alwayssmaller
perimentdasa singlememoryunit andfour ALUS. In thantheincreasen performanceghey canprovide. It
spiteof theintroductioninj i st - 4 of memorydisam- remainsfor future investigationto discover wherethe
biguation theload/storaunit remainghebottleneckof law of diminishingreturnsstartsto operatefor more
he em.Oneway to overcomsit, otherthanby ex- S imizati
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Table6
Instructionsissuedper Clock Cycle
Benchmark jit jist-1 jist-2 jist-3 jist-4
Matrix 0.54 0.67 0.74 0.74 0.80
Cholesly 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 ; ; ; e
) ) sincethey arewritten and compiledfor a specificar
Instructionclassfrequencies .
chitecture.
Benchmark MEM ALU BRU
Sieve 46% 40% 14%
Matrix 50% 42% 8% .
LZcompr 48% 37% 15% 6. Conclusionsand futur ework
Mean 42% 49% 9%
SEUISS v ‘Zlgz//o Eéﬂf 19;/00/ We have described)IST, a Java bytecodecompiler
oles b b o
BubbleSort 16% 12% 12% tamgetedto the HP/STM Lx processqra small VLIW

5.3. Comparisorwith relatedapproaches

There are several differentways to optimize Java
programsin additionto JIT compilers Ahead-Of-ime
(AQT) compilers,Java processorsind native libraries
areall usedto thisend.

AOT compilers[23] move the compilationof the
Javabytecodeheadf thestartof theexecution.While
this canprovide a degreeof reductionof the compila-
tion overheadthe benefitcanonly be obtainedif the
programcanbecompiledbeforeit is executed-thatis,
if theneedto executethe programis detectecearly, the
programis fully available(thereis noneedor dynami-
cally loadedlibraries),andsufficient spaces available
in memoryto hold the compiledprogram.If thesere-
quirementsaarenot met, AOT compilationis no better
thanJIT compilation. Our resultsarethereforeuseful
evenin AOT settings.

Javaprocessorf?4] arespecificpiecesof hardware
that executeJava bytecode. They may provide large
improvementsn performancedyut cannotake advan-
tage ofthelarge amountsof redundang in Java code,
andarenotnormallyableto exploit parallelism.More-
over, Java processorsnly executesubsetof the Jasa
bytecoddanguage.

Native libraries, interfacing with Java programs
throughthe Java Native Interface (JNI) are a viable,
efficientway to dealwith performanceequirementin
Java programs. However, the use of native libraries

chipusedfor embeddedystemsThisresearclproject
was plannedn orderto assess thgerformancesf Java
program®nsuchinexpensveprocessorskffectivein-
structionschedulingandregisterallocationapproaches
have beenchosen,andtheir performancesystemati-
cally evaluatedor a setof smallbut significantbench-
marks. Due to the choiceof the Kaffe JIT compiler
the scheduleoperaten basicblocks. As afirst step
towardsmoreglobal schedulingwe have alsostudied
codemovementacrosshlocks. Anothersteptowards
more aggressie optimizationis the introductionof a
simpleform of memorydisambiguationwhich allows
amoreeffective useof the singleload/storeunit. The
costeffectivenesof the optimizationshasbeenmea-
suredboth one by one andcollectively. The overall
picturefills agapin theavailableliteratureon dynamic
compilationandconfirmsthe validity of bytecodelIT
translatiorfor simpleVLIW targets.

Through the optimizationsimplementedin JIST,
schedulecodecanachieze maximumspeedupsang-
ing from 20%to 45% in termsof the executiontime
with respecto sequentiatode. Theseresults,though
obtainedby dynamictransformationsarecomparable
with thoseachieved by staticcompilersthatdo not ex-
ploit parallelismbetweerdifferentiterationsof asame
loop: arecentsuney [21] reportsthattheperformance
improvementachiezed on multiple instruction issue
processordy statically schedulingbasicblocks may
rangefrom 20 to 50%. Moreover, our codegenerator
andschedulercanachiese the performancelescribed
in[6], in theidealcaseassumetherein.Moreimprove-
mentsshouldbe obtainablethroughmore aggressie
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Currently we arebuilding two extensiongo our Vir-
tual MachineandJIT compiler:

— A global schedulingframework, aiming at the
implementationof a schedulingalgorithm akin
to TraceScheduling25] or SuperblockSchedul-
ing [26];

— A selectve compilationand optimizationframe-
work,toenableéheVM to selecbetweercompiled
andinterpretedexecutionof eachmethod,andto
activate optimizationsonly on the kernelregions
of a method,basedon information from profil-
ing andcompilerhints (from the Jasato bytecode
compiler).

Future researchwill also experiment additional
global schedulingalgorithms,andotheroptimizations
such as methodinlining. The final goal is to dis-
cover theborderline wherethe optimizationcostsout-
weigh the benefitsfor typical embeddedapplication
benchmarks. Another direction for future works in-
volvesevaluatingthe combinationof VLIW architec-
tureanddynamiccompilationof portablebytecodeas
the building blocks of non-homogeneoudistributed
systems.This directionwould combinethe effective-
nessof VLIW architecturesn exploiting instruction—
level parallelismwith thecapabilitiesof dynamiccom-
pilation to provide a virtualized view of the architec-
ture,allowing for adegreeof object-codeompatibility
notnormallyavailablein VLIW.
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