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Abstract

Astheamountof availablesiliconresourcesononechip
increases,wehaveseentheadventof ever increasingpar-
allel resourcesintegratedon-chip. Manyarchitecturesuse
theseresourcesas individually controllable, parallel pro-
cessingelements.While such architecturesexcel at paral-
lel applications,they seldomsupportlegacysingle-threaded
applications. In this work, we proposeusing parallel re-
sourcesto facilitate executionof legacycodeswith accept-
able performanceon parallel architectures containing a
drasticallydifferentinstructionsetthroughtheuseof anall
software parallel dynamicbinary translationengine. This
enginespatially implementsdifferent portions of a super-
scalar processoracrossdistinct parallel elementsthusex-
ploiting the pipelineparallelism inherent in a superscalar.
This virtual microarchitecture facilitates changingthe al-
locationof silicon resourcesbetweendifferent superscalar
unitsin softwarewhich is notpossiblewhenspecialpurpose
physicalresourcesare built. We proposebuilding dynami-
cally recon�gurable architectures that inspectthe current
virtual machine con�guration along with the dynamicin-
structionstreamand change the con�guration to bestsuit
the program's needsat runtime. An x86 to Raw paral-
lel translationenginewasbuilt in which tiles dedicatedto
translationcanbetradedfor tiles dedicatedto thememory
systemasanexampleof dynamicrecon�guration.

1 Intr oduction

As welook to thefuture,trendssuggestthatwewill seea
proliferationof on-chip,distributedparallelprocessorssuch
astiled processors[20, 16], multi-coreprocessors[1], and
chip multi-processors[22]. Building suchprocessorsis an
effective mannerto utilize the ever increasingsilicon re-
sourcesaffordedto thecomputerarchitect.While thesepar-
allel architecturesprovide for large performanceimprove-
mentsover typical sequentialprocessors,especiallyonpar-
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allel applications,they typically donothingto accelerateex-
isting sequentialbinaryapplications.In many cases,dueto
architecturalmismatchessuchasdiffering instructionsets,
lack of a MMU, non-coherentmemory, differing I/O inter-
faces,andlackof OSsupport,futureon-chipparallelarchi-
tecturesmaynotbeableto runourcurrentsetof application
binariesdirectly. Onesolutionis to eitherrecompileor re-
codeall of theapplicationsin theworld to takeadvantageof
thesenew architectures.Unfortunately, this requiresreveri-
�cation of all of theapplicationsthatarecurrentlyused,and
platform porting may not even be possibleto someof the
architecturesdueto differing memorymodelsand lack of
OS support. Even if feasible,this porting andveri�cation
effort would be a hugeamountof duplicatedeffort. This
leavesdesignersof on-chipparallelarchitecturesin a bind;
they wantto focuson theexciting new parallelapplications
that their architecturesexcel at, but they still would like to
maintaincompatibility with the industry-standardsuiteof
applications.

Ultimately, wewouldnot like to seethecreativity of de-
signersof futurearchitecturesimpededby therequirement
of backwardcompatibility, yet it is alsoa suboptimalsolu-
tion to requireall softwarebe redesignedfor thesefuture
architectures.In thefuture,legacy ISAssuchasx86will no
longer simplybean ISA,but ratherx86and theaccompa-
nyingecosystemwill becomean applicationthatall future
architectureswill have to executeeffectively. Onesolution
may be to usea sequentialtranslationsystemto emulate
a legacy architectureto maintaincompatibility. Unfortu-
nately, thissolutionmaynotprovidesuf�cient performance
on legacy codesanddoesnot utilize any of theparallelre-
sourcesprovidedby futureparallelarchitectureswhichmay
be theprimarygrowth pathin the future. In this work, we
investigateusingparallel resourcesin a tiled processoren-
vironmentas an enablingtechnology to accelerate emula-
tion. We introduceseveral new mechanismsof exploiting
parallelismin a tiled processorto acceleratethe execution
of asinglethreadedlegacy application.

In this work, we have designedandimplementeda par-
allel dynamic binary translationenginefor a tiled archi-
tecture. While much previous work has gone into dy-



namic translationfor a parallel architecture,typically a
VLIW [9, 11, 12], in this researchwe take a differentfocus
andutilize otherformsof parallelismthansimply schedul-
ing translatedcodeto a VLIW processor. Thenovel mech-
anismspresentedin this paperthat allow the utilization of
parallel resourcesto acceleratecrossplatform binary exe-
cutionare:

1. Speculative ParallelTranslation
2. SpatialPipelineParallelism
3. StaticandDynamicVirtual ArchitectureRecon�gura-

tion
Thesetechniquesfocuson using the tiled processorasan
ASIC or FPGA-like fabric that hascustomizedfunctional
units. To that end, this work can be thought of as im-
plementinga virtual superscalarmicroarchitectureacrossa
tiled processorfabric.Wedid not restrictourselvesto faith-
fully implementingapre-existingprocessordesign.Rather,
we took the techniquesembodiedin superscalardesign,
which areeffective in exploiting transistorparallelism,and
appliedthemwhen it madegoodengineeringsenseto do
so.An exampleof thisFPGA-likedesignis thefactthatwe
explicitly manageon-chip layout andcommunicationdis-
tance.

Oneof thekey portionsof any dynamictranslationsys-
temis thetranslatoritself. Unfortunately, onedoesnotwant
to incur the costof translationon the critical pathof your
computation.To solve this problem,we introducespecu-
lative parallel translation. Speculative parallel translation
traversesa program's possibleexecutionpathsand trans-
latesthembeforethepieceof codeis needed.This removes
the costof translationfrom the executionof any program
becausethe translationcostof future basicblocksis over-
lappedwith theexecutionof thecurrentblock. We believe
thatthistechniquecanevenbeappliedto superscalarsin the
form of moreaggressive decodinginto a largertrace-cache
or codecachelikestructure.

Spatial pipeline parallelism is the notion of coarsely
pipelining neededcomputationsacrossneighboringtiles.
Weexploit this form of parallelismby pipeliningourmem-
ory systemandpipeliningcodecacheaccesses.Lastly we
introducestaticanddynamicvirtual architecturerecon�g-
uration. Staticrecon�gurationis motivatedby thefact that
differentprogramshave differentrequirementsin termsof
working setsize,amountof ILP, andamountof instruction
bandwidth.On a non-virtualprocessor, thearchitectneeds
to chooseonecon�gurationof all of theseparametersatde-
signtime,while in avirtual environment,differentmachine
con�gurationscan be chosento �t a particularprogram's
needs.This caneven be extendedfor useinsideof a pro-
gram,assumingthataprogramhasphases,andis calleddy-
namicvirtual architecturerecon�guration.Dynamicrecon-
�guration allows the emulatorto inspectitself alongwith
the programsneedsto rebalancesilicon resourcesat run-
time.

To explore theseconcepts,we have built a prototype
paralleldynamictranslationsystem.Theprototypesystem
usesx86Linux astheguestISA andoperatingenvironment
and executeson a Raw tiled processorhost. We present
a fully functional systemthat executesarbitrary, unmodi-
�ed, userlandstatically-linked Linux x86 binarieson the
Raw prototypechip. The Raw hostarchitectureis signif-
icantly different than the guestx86 architecture.Namely
a vastly differentISA, lack of memorytranslation,lack of
protection,lack of conditioncodes,andlack of a hardware
instructioncacheon Raw aresomeof the challengesthat
this designfacedandattacked in an all softwaredynamic
translationenvironment. To mitigate this mismatchin ar-
chitectures,this work exploits theparallelresourcesfound
on theRaw processorto acceleratebinarytranslation.

All of the resultspresentedin this paperwerecollected
on actualPentiumIII andRaw hardware.No modi�cations
weremadeto thex86binaries,thePentiumIII hardware,or
the Raw hardware. Additions to the Raw hardwarewould
have improved theperformanceof Raw runningx86 bina-
ries,but in thisstudywehavefocusedonpushingthelimits
of an all software approach. This work leaves the inves-
tigation of enhancingthe hardware in tiled processorsfor
the purposeof acceleratingemulationto future work. We
evaluatedourparalleldynamictranslationsystemacrossthe
SpecInt2000 benchmarksuite and found that our system
with softwarememorytranslationattainsapproximatelya
7x-110xslowdown whenx86binariesarerunonRaw com-
paredby cyclecountsagainstaPentiumIII.

This paperis organizedasfollows. Section2 examines
how the parallel resourcesof a tiled processorcanbe ex-
ploited to acceleratedynamicbinary translation. In Sec-
tion 3 wedescribethesystemimplementationandtradeoffs.
We presentanddiscussthe resultsof several differing vir-
tual machinecon�gurationsin Section4. Sections5 and6,
respectively, presentfuture andrelatedwork. And �nally
weconclude.

2 Exploiting Parallelism

2.1 Speculativ e Parallel Translation

Dynamicbinary translatorsneedto translatecodefrom
one architectureto anotherarchitectureat runtime. This
canbe quite expensive, especiallyfor applicationsthat ei-
therhave a very shortruntimeor containa largenumberof
instructionsthat are executedinfrequently. For long run-
ning programsthatexecutethesamesetof instructionsfre-
quently, techniquessuchasa codecachecanamortizethe
cost of translationover many executionsof a translated
block. On sequentialarchitectures,translationstill uses
valuablecycles that could otherwisebe spentrunningop-
erationsfrom the program. We proposea bettersolution
for translation. Insteadof stealingcycles away from the
mainprogram'sexecutionthreadto do translation,specula-
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Figure 1. Example Speculative Parallel Trans-
lation. Time increases from top to bottom.

tive paralleltranslationutilizesparallelexecutionresources
to translatethe programin the background.With this ap-
proach,whenthe main executionthreadreachesa portion
of the programit hasnot previously executed,insteadof
stalling waiting for translationof that code, the specula-
tively translatedcodeis simply recalledandexecuted.

Figure1 illustratestheadvantagesof speculativeparallel
translation. Shown on the left, is a hypotheticalsequen-
tial translator. The processingelementalternatesbetween
translatingand executingthe programof interest. Along
theway, the translatordecidesthat it is wise to optimizea
block, indicatedby the cross-hashedregion. On the right
side,a speculative parallel translatoris shown runningon
four processorcores.In thespeculative paralleltranslation
example,threeprocessorsareusedfor translationandop-
timization,while oneis dedicatedto executethe translated
code. Becausethe translationand optimizationcoresrun
aheadtranslatingthe program,the executioncore is able
to executethetranslatedcodewithout thetranslationdelay
seenin the sequentialcase. By removing the translation
time from thecritical path,thespeculative paralleltransla-
tion exampleis capableof completingearlier thanthe se-
quentialexampleasdenotedby � T.

Onechallengethatexistswith speculativeparalleltrans-
lationisdeterminingwhichcodeismostlikely tobeneeded.
A naive implementationis simply to traversethe program
graph in control �o w order. When a branchis reached,
thetranslatorspawnsanew translationthreadfor eachpath
thattheprogrammaygo. Wecall thisapproachspeculative
paralleltranslationbecausethe translatoris doingspecula-
tive work, translatingportionsof the programthat may or
maynot ever beexecuted.While it is possiblethata large
amountof thework thatis donemaynotbeneededwith this
scheme,theseparallelresourcesstill contribute to acceler-
atingthemainthread's execution.

Oneway to mitigatetranslatingunneededcodesections
is to usesomeform of predictionwhena branchis reached
to prioritize what is to be translated.Also, properprioriti-
zationmayactuallyacceleratethemain thread's execution
by notschedulingportionsof codeto betranslatedthatmay
take away resourcesfrom sectionsof codethat arecritical
to theprogramexecution.Unfortunatelythis form of prior-

itizationandpredictionis dif�cult. It is effectively thesame
problemasconstructingabranchpredictorwith noprevious
branchinformation.Typically branchpredictorsusehistory
information to determinewhich directiona branchtransi-
tions control to. In this case,the translatoris translating
codebeforeit is even executed,andhencecanbe thought
of asa �rst touchbranchpredictor. Somestaticheuristics
canbeappliedin thissituationsuchaspredictingbackward
branchestaken. Ball andLarussuggestotherstaticheuris-
tics for branchpredictionin [3].

In this work we usedsimplisticstaticbranchprediction
alongwith aprioritizedsetof queuesto determinewhatad-
dressshouldbetranslatednext. Thedifferentlevelsof prior-
ity areusedto determinewhichaddressshouldbetranslated
whena tile becomesfree. Whenenqueuing,thepriority is
determinedby the depththe currentblock is from a piece
of codethatis known to beon thecorrectexecutionpathof
theprogram.Thusasthework becomesmorespeculative,
or further from the last know pieceof executedcode,it is
given a lower priority. The resultsof speculative transla-
tionsarestoredin a largecodecacheuntil they areneeded.

This procedureworks for direct branches,but does
not handle register indirect brancheswell. For indirect
branches,the translatoris not able to determinewhat ad-
dressis thenext appropriateaddressthat theprogrammay
branchto until runtime. Typically, indirectbranchescome
in theform of eitherfunctionreturnsor callsthroughajump
table. For call returns,it is typically possibleto determine
the returnaddressat call time. We usea returnpredictor
which addsthe addressafter a call instructiononto a low
priority translationqueue. The returnaddressis put on a
low priority queuebecausethe codeinsideof the function
hasa higherprobabilityof beingneededthenthereturnlo-
cation. For jump tables,without symbol information,it is
effectively impossibleto know whataddressmaybecalled.
Currently our systemdoesnot speculatively translatebe-
yondunresolvableregisterindirectjumps.

Speculative parallel translationcan be appliedto other
forms of translation. For instance,most modernproces-
sorsthat executex86 codetranslateor decodeinstruction
streamsinto micro-operationsthatarelaterexecuted.They
use specializedhardware to perform this translationand
storea small numberof decodedinstructionsinto a trace
cache.Anotherapproachis to translatemoreaggressively
asdescribedin this sectionandcachethe translationsin a
muchlargercache.This cachemaypossiblyresidein main
memoryor onsomephysicallydistantportionof themicro-
processor. Ultimatelythismayreduceenergyusagebecause
it would prevent re-decodingpreviously decodedinstruc-
tions. Also, insteadof performingthis decodingwith spe-
cial purposehardware,this couldbeperformedby general
purposeprocessorsthatmaybereallocatedoncethework-
ing setof instructionshave beentranslated.Thiscanbeap-
plied to architecturessuchasTransmeta's. Insteadof steal-
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Figure 2. Pipelined Memor y System.

ing cycleson the main computationunit, Transmetacould
usespeculativeparalleltranslationonanarrayof smallpro-
cessorssituatedon a physically distantportion of the sil-
icon. This would reducetranslationcostsigni�cantly, but
mightbeat thecostof energy andcodecachememory.

Lastly, speculative parallel translationchangesthe con-
ventional wisdom in dynamic translators. Typically dy-
namictranslatorsemploy someform of hot spotoptimiza-
tion. Hot spotoptimizationdetectsthemostfrequentlyused
or “hot” portionsof a programand only optimizesthose
portions. This preventsstealingpreciousexecutioncycles
from themainthreadto optimizecodethatis seldomlyrun.
With speculativeparalleltranslation,becausethetranslation
is removed from the critical pathof the program's execu-
tion, expensive optimizationscanbe appliedat translation
time andnot stealcyclesfrom themainthread.Rather, the
translatedcodethat is run is now optimized,thusreducing
thetime requiredfor it to execute.We still believe thathot
spot analysiscan improve performanceby not wastefully
optimizingcode,but thecostof optimizingcodeis lower in
a parallelenvironment. In this projectwe decidedto leave
full optimizationsturnedon for all blocksbecausethecost
of optimization,whichwasoff of thecritical path,wasout-
weighedby thebene�t of executingoptimizedcode.

2.2 Spatial Pip eline Parallelism

Tiled processorscanbethoughtof asa substratefor cir-
cuits to be implementedon top of. Onesuchcircuit is that
of a processor. We proposeexploiting a tiled architecture
asan ASIC or FPGA.Typically FPGA andASIC designs
exploit multiple forms of parallelism. Oneform of paral-
lelism that canbe easilyexploited is pipelineparallelism.
This allows for logic to be usedsequentiallyby passing
databetween�x ed function stages. In a dynamic trans-
lator thereare many functionsthat needto be completed
thatmaynot exhibit threador data-level parallelism.Thus
turningto pipelineparallelismallowsfor theexploitationof
parallelismin a differentmanner. Pipeliningcanalso in-
creasethethroughputof aneededresource.For instance,in
thiswork's prototypesystem,thememorysystemwasbuilt
out of multiple tiles in a pipelinedmanner. Whenan ac-
cessis madeto thecache,it is �rst passedto theMMU unit
for translationandthenontothecachetile asshown in Fig-
ure2. While thememoryrequestis beingserviced,themain
executionprocessoris freeto executeothernon-dependent
work andissuefurther memoryrequests.Like all modern
FPGAandASIC designs,wire delayis a signi�cant factor.
This is alsothecasewhenpipeliningacrosstiles, thusspa-

tial pipelining takes into accountwire delaysto minimize
latencies.

This work is a proof of conceptthatpipelininga virtual
processoracrossa substrateof tiled processorsis feasible.
This ideacanbe extendedto an extremeby implementing
a out-of-ordersuperscalaracrossmany tensof tiles. Sets
of tiles could be gangedtogetherto implementthe front
end translation,after which the instructionspassto a set
of schedulingtiles. Thenthe instructionscanbepassedto
processorsthatperformrenamingandthenreservationsta-
tion tiles that issueinstructionsto multiple executionunits.
Finally the instructionresultscould be passedalong to a
setof tiles that implementa reorderbuffer in softwarefor
instructionretirement.This form of pipeliningwouldeffec-
tively allow a parallelprocessorto beusedto speedup the
executionof sequentialcodes.

2.3 Static and Dynamic Virtual Arc hitec-
ture Recon�guration

Oneof themajordesigndecisionsthatany computerar-
chitect grappleswith is how to provision the silicon area
thatheor shehasto work with. Evenwith arelatively small
numberof knobsthat canbe tweaked, thereexists a large,
exponential,numberof differentdesignsthatcanbecreated.
With all of thesedifferentpossibledesigns,thearchitectul-
timately choosessomecon�guration of the resourcesand
encodesthis into circuits on silicon. Typically the archi-
tect takesa representative crosssectionof theapplications
that the chip will executeand optimizesparameterssuch
as cachesize, fetch bandwidth,bandwidthto main mem-
ory, numberof functionalunits, numberof physical regis-
ters,etc. Theparameterschosenmaybeoptimalacrossthe
benchmarksuite,but it is probablethatthey arenotoptimal
for any onebenchmarkbut ratherarea compromise.With
a virtual architecturelike the one presentedin this paper,
thearchitectdoesnot needto determinethe layoutandal-
locationof silicon resourcesat chip designtime. Different
virtual architecturescanbecreatedandtailoredto bestsuit
aparticularapplication.

We proposeand demonstratestatic virtual architecture
recon�guration. With staticvirtual architecturerecon�gu-
ration,therearemany differingvirtual architecturesthatare
implementedon top of a substrate.In this work the sub-
strateis a tiled processor, but thismayalsobeamulti-cored
processor. Thecon�gurationof thevirtual architecturede-
terminestherelative amountof silicon resourcesdedicated
to any one function. This recon�gurability frees the de-
signerfrom designingonly onearchitecturedeterminedat
fabricationtime. Recon�gurationcomesat the costof re-
quiring all of the physical silicon resourcesbeing able to
perform, possiblythroughsomeform of software emula-
tion, all functionsthat a normalprocessorwould perform.
This requirementis a good matchfor homogeneoustiled
processorswhich allow any pieceof silicon to performany



functionmodulosomeemulationcost.
We cantake this ideaof silicon recon�gurationonestep

furtherandapplythesametechniquesdynamically. Within
any given application,it may be the casethat at different
portionsof theprograma differentallocationof thesilicon
resourcesmay be optimal. This idea is motivatedby the
insight that programstypically transitionthroughmultiple
phasesthroughouttheir runtime. Whena programbegins,
the programhasnot beentranslatedor decodedyet, thus
mostof thesilicon resourcesshouldbededicatedto trans-
lation. After a signi�cant portionof theprogramhasbeen
translated,theprogrammayneedmorefunctionalunitsbe-
causeit hasreacheda highly parallelportion of its execu-
tion. Then the programneedsto accessmemoryoften to
storethecomputedresults.With dynamicrecon�guration,
the virtual architecturedetectsthis situationandallocates
moreresourcesfor cache.Finally the programreachesan
indirectbranchandtheprogramrequiresmoretranslation,
andresourcesareallocatedto thatneed.With dynamicar-
chitecturerecon�guration,thereis somecentralizedman-
agerthat mustmake decisionswhen to recon�gure. This
managerintrospectively analyzesthecurrentcon�guration
of thevirtual machine,thedynamicinstructionstream,and
the needsof the dynamicinstructionstream.Becausethis
level of optimizationis occurringat runtime,all informa-
tion is known which allows therecon�gurationmanagerto
takeadvantageof quantitiesthatonly canbedeterminedac-
curatelyat runtime. Thedynamicrecon�gurationmanager
can use information suchas cache(instructionand data)
miss rates, the dynamic determinationof actual instruc-
tion level parallelism(typically notdeterminableatcompile
time due to addressaliasing),the numberof basicblocks
waiting to be translated,thedynamicbandwidthneededto
differing levels of cachehierarchy, andany otherdynami-
cally introspective meta-dataabouttheprogram.

Dynamic recon�gurability doescomewith somecost.
Whenchangingthe virtual machinecon�guration, thereis
a costassociatedwith recon�gurationanda cost to moni-
toring. To mitigatethecostof monitoring,samplingof the
recon�gurationmetricscanbeemployedto makethemoni-
toring costinconsequential.An exampleof recon�guration
costis thecostassociatedwith changingthesizeof theL2
datacache. When the L2 cachephysically changessize,
the contentsof the L2 cacheneedto be �ushed andwrit-
ten backto main memory. Eventslike �ushing of a cache
can be quite expensive if they occur often, thus any type
of recon�gurationsystemshouldhave hysteresisbuilt into
thesystemto prevent too frequentrecon�gurations.In this
work we prototypeddynamicrecon�gurationby dynami-
cally tradingoff the numberof L2 datacachetiles against
the numberof translationtiles. To determinewhento re-
con�gure, the length of the work queuesof blocks to be
translatedwasused.This dynamicrecon�gurationallowed
our translationsystemto beatthebeststaticallydetermined

con�guration on somebenchmarksthusdemonstratingthe
powerof introspective dynamicrecon�guration.

3 SystemDescription

3.1 Background

Beforethispaperexaminestheimplementationof anx86
dynamictranslatoron theRaw processor, thedetailsof the
Raw processorandx86instructionsetneedto bediscussed.
TheRaw processoris a generalpurposetiled processor. It
consistsof 16 identicalMIPS-like processorsarrangedin a
4x4 grid integratedon onedie. These16 processorcores
are tied togetherby four �rst-class register mappedcom-
municationnetworks. Two of the networks arerouteddy-
namicnetworks andtwo aresoftwareroutedstaticswitch
networks. Eachtile alsocontains32KB of hardwareman-
ageddata-cache,32KB of software managedinstruction
memory, and64KB of softwaremanagedswitchinstruction
memory.

A tile is the basicrepeatedstructurethat the Raw pro-
cessoris built out of. Insideof a Raw tile, thereis an 8-
stage32-bitprocessorpipeline.TheISA for eachtile'smain
processoris derivedfrom theMIPS ISA. The16 Raw tiles
shareglobaloff-chip memorybut thereexistsnosupportfor
cachecoherentsharedmemory. Also, Raw lacksanMMU
or any form of memoryprotection.

The guestarchitecturethat we areemulatingis the in-
dustrystandardx86or IA-32 architecture.Theoriginalx86
ISA is relatively well organizedfor an accumulatorbased
machine,but hashad many additionsthat now make it a
quitecomplicatedinstructionsetwith many subtlenuances
in how eachinstructionoperates.x86 is primarily a CISC
instruction set which usescondition codes/�agsto make
branchingdecisions.Typically, every ALU operationsets
somesubsetof the global �ag state,and most operations
can touch memory. x86 is a two operandinstructionset
with a variablelengthencodingwhich makesdecodingthe
full instructionsetquite challenging.Finally, modernx86
codemakesuseof a virtual memorysystemalongwith a
protectionschema.

3.2 Design Ov erview

Our emulatoris similar to mostbest-of-breeddynamic
binary translationsystems,andleveragesmuchof thepre-
vious work on translatorssuchasdynamicbinary transla-
tion, makinguseof a codecache,andchainingbranchesin
the last level of codecachewhenever possible.But, many
designtrade-offs changewhenthey areconsideredin a dis-
tributedenvironment.Oneexampleis that thecostto opti-
mizeblocksof translatedcodeis lessthanin atypical trans-
lation system. In a parallel environment,optimization is
donein thebackgroundon processingresourcesthatmight
otherwisebe left idle, while in a sequentialtranslator, any
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processortime that is usedto do anoptimizationstealscy-
clesfrom thecritical pathof theprogram.

Figure 3 presentsa block-level view of the translation
system. Eachbox representsa tile, processorcore, exe-
cuting a portion of the emulationsystem. The runtime-
execution tile containsthe runtime engine, the L1 code
cache,and the L1 datacache. This tile is responsiblefor
executingall of the translatedcodeand executesthe pri-
marydispatchloop alongwith maintainingthelowestlevel
of thecodecache.

To serviceinstructionmissesin the L1 codecache,the
bankedL1.5 codecacheis consulted.TheL1.5 codecache
utilizestwo tiles asa local cacheof alreadytranslatedcode
for quick access.If requestedcodeis not in theL1.5 code
cache,thecoderequestreachesthemanagerL2 codecache
tile. The managertile is responsiblefor maintainingthe
codecachethat lives in main memoryand for coordinat-
ing the parallelspeculative translationunits. The L2 code
cacheis 105MBandis storedin off-chip DRAM. Thereare
many translationslave tiles which run aheadandspecula-
tively translatepossiblyneededcode.

Translationand optimizationoccurson the translation
slave tiles. The �rst stageof the translatorleveragesa
smallportionof theValgrindmemorydebugger[15]. Val-
grindwasdesignedto beamemorydebuggerandusesjust-
in-time codeinstrumentationtechnologyto detectmemory
leaks. The parsingis implementedasseveral large switch
blocks. With the exceptionof this parsingandsomebasic
high level codecleanuproutines,all of the translatorwas
custombuilt for thisproject.Thetranslationslavesdocode
generationfrom a x86-like intermediaterepresentationto a
low level MIPS-like IR. Many standardcompileroptimiza-
tionsareappliedat this level and�nally thetranslatedcode
is depositedin theL2 codecache.

Whentheruntime-executiontile needstousemoremem-
ory that is storedin the in-tile L1 data-cache,it requests
datafrom theemulatorspipelinedmemorysystem.The�rst
stepalongthis pathis theMMU andTLB tile. This tile is

responsiblefor translatingx86 virtual to x86 physical ad-
dresses.It is alsoresponsiblefor translatingx86 physical
to Raw physical addresses.The MMU tile thenfarmsthe
memoryrequestout to one or more L2 cachetiles. The
L2 cachetiles aresetup in a transactorstyle that service
memoryrequestsfor fractionsof thephysicaladdressspace.
Lastly thesystemcontainsa tile dedicatedto servicingsys-
temcall requests.

4 Resultsand Analysis

4.1 Metho dology

In this work, we focuson evaluatinga prototypeparal-
lel dynamicbinary translationsystembuilt on top of the
Raw tiled processorasa proof of conceptfor several ideas
aboutconstructingvirtual architecturesonparallelsystems.
We strivedfor realismwherever possibleandassuchall of
the numberspresentedaregatheredon real hardware. No
simulationswereusedandhenceno modi�cation to any of
thehardwareresourcesin eitherthePentiumIII or theRaw
processorwasdone.Gatheringtestresultsonexistinghard-
ware is a hugewin with respectto the time taken to run
benchmarks,andallowed us both to gatherresultdatafor
largerinput setsandto gathersigni�cantly moredatapoints
thanotherwisewouldhavebeenfeasiblein asimulationen-
vironment. Runningon real veri�ed hardware also lends
credibility to the legitimacy of suchresultsin a real world
environment,but it makestheengineeringeffort higherbe-
causethehardwareimplementationsarenotmodi�able thus
this work hasto acceptthemwith all of their blessingsas
well astheir faults.

Throughoutthis section, we use performanceon the
SpecInt2000benchmarksuiteasthemetricof comparison.
This benchmarksuitewascompiledusingGCC3.0.4with
the“-O3” optimization�ag. All of thebinarieswerestati-
cally linkedandusenewlib 1.9.0asthestandard̀C' library.
The C++ benchmark252.eonwas omitted from thesere-
sultsbecausewewereunableto build andstaticallylink lib-
stdc++with newlib, andcurrentlyour dynamictranslation
systemis only ableto handlestaticallylinkedbinaries.The
parallel translatorin this papercurrentlydoesnot support
Intel's x87 �oating point arithmetic. SpecIntapplications
primarily useinteger arithmetic,but surprisingly, as their
namedoesnot imply, include a small amountof �oating
pointoperations.Thustheapplicationswerecompiledwith
the gcc �ags “-msoft-�oat -mno-fp-ret-in-387” which use
a soft �oat library availableinsideof libgcc when�oating
point mathis required.Theexactsamesetof binarieswas
run unmodi�ed on both the PentiumIII andthe translator
runningon Raw. Thelargedatasetsfrom MinneSPEC[13]
wereusedthroughoutthispaper.

To compareacrossplatforms,aclock-for-clockcompari-
sonmethodologywasused.Thustheperiodof onePentium
III clockcyclewasconsideredto beequivalentto oneclock
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Figure 4. Comparison of L1.5 Code Cache
Sizes

cycle on the Raw processor. We believe this to be a fair
comparisonif bothof thesedesignswereto beimplemented
in similar designstyleswith similar designefforts. A de-
tailedclock normalizedandnon-clocknormalizedcompar-
isonof thesetwo architecturescanbefoundin [21]. Unless
otherwisestated,all of the numbersin this paperarepre-
sentedasslowdown whencomparedto a PentiumIII and
canbecalculatedas: C ycl esO nT r ansl ator

C ycl esO nP entiumI I I .

4.2 Co de Cache Sensitivit y

In this work, we investigatefull applicationsversusfo-
cusingon kernels.Largeinstructionworking setsis oneof
thedrawbacksof utilizing sizableapplicationssuchasthose
found in SpecInt. Applicationsparticularlystresstransla-
tion systemsif their working set of instructionsis larger
thanthe translator's lowest level of codecache.We begin
our resultswith aninvestigationof our system's sensitivity
to codesize.

In our initial design,we did not have a L1.5 codecache,
but we noticed that someof the applications' instruction
workingsetsizewaslargerthanthelevel1codecacheavail-
ablein the runtime-executiontile. This causedsevereper-
formancedegradationson certainbenchmarks,andpersists
evenwith theL1.5 codecache.Theadditionof aL1.5 code
cacheis an exampleof how parallel resourcesthat were
nototherwisebeingproductively usedcanbereallocatedto
act ascachesandhencespeedupprogramexecution. Fig-
ure4 containsresultsfrom threediffering machinecon�g-
urations. Onecon�guration hasno L1.5 codecache,one
containsa 64K codecachewhich requiredthe dedication
of onetile, andthe last utilizes two tiles asa 128KB code
cache.

As canbe seen,vpr, gcc, crafty, perlbmk,gap, vortex,
andtwolf all containcodeworking setslarger thanthe L1
codecacheof the translator. The L1.5 codecachehasa
longerlatency thanaccessingtheL1 codecache,andit pre-
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Figure 5. Comparison with Diff ering Number s
of Translation Tiles

ventschaining. We believe that it may be possibleto use
a slightly betterL1 codecachingalgorithm than the cur-
rently employed tight packingand�ushing algorithm,but
ultimately thesebenchmarksarecapacitylimited in theL1
codecache.With a largerL1 codecacheor theadditionof
a true hardwareIcachesystemin Raw, performancecould
be signi�cantly improved for the benchmarksthat exceed
theL1 codecachecapacity. A hardwareIcachewould help
by allowing a largervirtual L1 codecacheto beusedthan
�ts on-chip,andchainingcouldbedoneacrossthis virtual
cache.In thecurrentsystem,chainingcanonly occuronce
codeis copiedinto theinstructionmemoryof theexecution-
runtimetile becauseit is only at this point thattheabsolute
positionof therelocatablecodeblock is known.

4.3 Speculativ e Parallel Translation

To investigatethevirtuesof speculative paralleltransla-
tionwerantheSpecIntbenchmarksuitewith differingnum-
bersof translationunits. We ranthis experimentwith 1, 2,
4, 6, and9 slave translators.For theonetranslatorcase,we
performedthesetestswith andwithoutspeculation.For the
non-speculative (conservative) case,the onetranslatordid
not translateaheadin the programand was always ready
waiting for a L2 codecachemiss to occur. In all of the
othercases,if atranslationrequestarrivesfrom theruntime-
executionengineandall of theslave tiles werebeingused,
the requestwould have to wait. Thenon-speculative, con-
servativecaseapproximatesthetranslationportionof aclas-
sic sequentialtranslator.

Figure5 shows the resultsfor this experiment. As can
be seen,with the exceptionof vpr, gcc, andcrafty, using
speculative paralleltranslationacceleratestheprogramex-
ecutionover the conservative case. Also the trendshows
that as more translationresourcesare added,the applica-
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cesses per Cycle

tions executefaster. Lower barsindicatelower slowdown
andfasterexecution. The 9 translatordatapointtradesoff
threeL2 datacachetiles for threeextra translatorsover the
6 translatordatapoint.Hencein someof thememoryinten-
siveapplicationsthe9 translatorversionwasslightly slower
thanthe6 translatorcase.

We werea little surprisedto seethat for vpr, gcc, and
crafty, the paralleltranslationcon�gurationswereactually
slower thantheconservative singlethreadtranslationcase.
Webelievethatthisoccursfor two reasons.First, in our im-
plementationof speculative parallel translation,we do not
usea preemptionmodel. Thusif a requestcomesin from
the executionenginefor a particularpieceof codethat is
not in theL2 codecacheandall of thetranslationslavetiles
arecurrentlyoccupied,this requeststallsuntil a slave �n-
ishesits currentpieceof work. We believe that this can
be mitigatedby reservinga slave tile for theserequeststo
reducelatency for critical translationsor by adoptingapre-
emptionmode.Second,theL2 codecacheandmanagertile
is a sharedresourcethat all of the slave translatorsuseto
storetheir resultsin. This causessigni�cant traf�c to and
from this centralresource,andin turn delayssendingand
receiving datato theruntime-executionengine.To investi-
gate this further, we plotted the rateat which a particular
programaccessesthe L2 codecacheper cycle of execu-
tion time. Figure6 shows theseresults.Theratesat which
theseapplicationsaccesstheL2 codecachevary over three
decades.Our hypothesisaboutcongestionat the L2 code
cachewascon�rmed by this experimentbecausevpr, gcc,
andcrafty all experiencea high rateof accessesto the L2
codecache.In thefuture,bankingor decentralizingtheL2
codecachewill mitigatetheseproblems.

The rateat which theseprogramsmiss in the L2 code
cache,andhencehave to be translatedcanbeseenin Fig-
ure7. This graphcon�rms thatasmorespeculative threads
are added,the miss rate in the L2 codecachedecreases.
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tion versus Code Optimization

This is encouragingfor speculative paralleltranslationbe-
ing ableto decreasethecritical pathfor translationaseven
more translationresourcesare added,and hencespeedup
programsthat otherwisehave high translationoccupancy
dueto poorcodelocality.

In additionto paralleltranslation,we wantedto investi-
gatewhethercodeoptimizationon every block wasworth
theaddedoccupancy of performingtheoptimizations.Fig-
ure8showstheruntimeof theSpecIntbenchmarksuitewith
andwithout optimizationduring translation.For all of the
benchmarks,the occupancy of performingoptimizationin
a speculative parallelenvironmentwas far outweighedby
thedecreasein runtimesaffordedby theoptimizations.For
theseruns,a dynamicallyrecon�guring (6 to 9 slave trans-
lation tiles) con�gurationwasused.

4.4 Static and Dynamic Virtual Arc hitec-
ture Recon�guration

We investigatethe tradoffs involved in virtual architec-
ture recon�gurationin this section. Figure9 containsthe
runtimesof benchmarksrun with � ve differentarchitecture
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Figure 9. Trading Silicon Resour ces Between
L2 Data Cache and Translation (Figure 10 is
a zoomed in view of this graph normaliz ed to
the static, 1 cache tile case)

con�gurations. In this experimentwe trade-off the num-
berof translationtilesagainstthesizeof theL2 datacache.
The �rst two designsare static con�gurations. The left-
mostbar is thedatafor a con�guration with 1 tile devoted
to beinga L2 datacacheof 32KB. Thenext datasetis for a
staticcon�gurationwhichutilizes4 tilesasaL2 datacache,
but has3 fewer translators.Finally we have threecon�gu-
rationswhich dynamicallychangebetweenthe two previ-
ous static con�gurations. Theseimplementationsdemon-
stratedynamicrecon�gurationin a paralleltranslatorenvi-
ronment.

To betterexaminetheseresults,Figure10 containsthe
resultsnormalizedto the1 cachetile con�gurationasaper-
centagefasteror slower. The�rst thing to noteis thatthe4
tile L2 datacachecon�guration performsbetterthanthe1
tile L2 cachecon�gurationonsomebenchmarksandworse
onothers.Thismotivatesstaticrecon�guration,or choosing
thebestvirtual architectureon a perapplicationbasis.The
larger cachecon�guration achieves superiorperformance
onapplicationsthathavemoredemandingmemoryrequire-
ments.Next we turn our attentionto dynamicallyrecon�g-
uring the virtual architecturesat runtime. As Figure10 il-
lustrates,on gzip, mcf, parser, andbzip2,whenutilizing a
dynamicrecon�gurationsystemthat introspectively exam-
inestheprogramandcon�guration,it is possibleto beatthe
beststaticcon�guration. It is encouragingthatevenwith re-
con�gurationoccupancies,dynamicrecon�gurationis able
to recon�gurethevirtual machineto bestsuitanapplication
within asingleexecution.

Dynamicrecon�gurationdid not beatthestaticcon�gu-
rationson all thebenchmarks.In thesecasesa virtual ma-
chinearchitecthasthechoiceof usingastaticcon�guration
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Figure 10. Relative Comparison of Perfor-
mance for Diff ering Con�gurations (higher is
better)

perapplicationthatbestsuitsthatparticularapplication.We
investigatedwhetherthe reasonthat dynamicrecon�gura-
tion did notbeatthestaticcon�gurationsonall applications
wasrelatedto therecon�gurationheuristic.In thisexample,
therecon�gurationheuristicwasbasedoff of thelengthsof
the“blocks to betranslated”queues.We variedthesemet-
rics andfoundthatasthethresholdfor recon�gurationwas
loweredfrom alengthof 15to alengthof 0 (if anythingwas
in a queue),that thenumberof recon�gurationsincreased.
Theoverall performancethoughwasnot relatedto this,but
largelydecoupledfrom therecon�gurationheuristic.

Finally, while thegainsdueto dynamicrecon�guration
overstaticcon�gurationsis humblein this implementation,
webelievethisis largelydueto theparametersthataremod-
i�ed (L2 datacachesize and translationresources)being
secondorderfactorsin overall performance.With this im-
plementation,dynamicrecon�gurationis ableto achieve a
3% performanceincreaseover thebeststaticcon�guration
on someapplications. This is quite encouragingandval-
idatesthe ideathat dynamicrecon�gurationcould leadto
largergainswhenappliedto largerportionsof a virtual ar-
chitecturesystemsuchasthenumberof functionalunits.

4.5 Analysis of Performance Loss

The approachtaken in this paperhasfocusedon build-
ing a paralleldynamictranslationenvironmentbuilt com-
pletely in softwarewithout any modi�cations to theunder-
lying Raw hardware.By choosingthisapproach,theresults
presentedin this sectionhave beenseverely impactedby
themis-matchin architecturesandby someprimitive facili-
tiesnotbeingpresentin theRaw hardwaresuchasmemory
translationandlackof ahardwareinstructioncache.In this
section,we investigatewherethe performanceis lost and
suggestsolutionsto acceleratebinarytranslation.

Oneof theprimarydifferencesbetweenthePentiumIII
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Figure 11. Architecture Intrinsics

and our emulatoris in the memorysystem. As Table 11
shows, thememorylatency andoccupancy for loadson the
two architecturesarequite different. Due to the lack of a
hardwarememorymanagementunit onRaw, theemulator's
loadoccupancy is 4 cyclesfor aL1 hit, while theoccupancy
on the PentiumIII is 1 and hasa lower latency. We can
computean estimatefor how much performanceis lost
due to the memorysystemby using the memorysystem
statisticsfor SpecIntgatheredin [7]. We usebasicCPI cal-
culationsasprescribedby (memory accessr ate � (((1 �
L1 miss r ate) � L1 hit occupancy) + (L1 miss r ate �
(((1 � L2 miss r ate) � L2 hit occupancy) +
(L2 miss r ate � L2 miss occupancy))))) + ((1 �
memory accessr ate) � non memory CPI ) and hold
the memoryaccessrate and non memoryCPI constant.
Assuminga non memoryCPI of 1, we computea CPI of
3.9 basedoff of occupancy for the emulatoranda CPI of
1 for thePentiumIII. This assumesthatbotharchitectures
caneffectively �nd work to doto cover thelatency of loads.
With theseassumptions,theemulatorlosesa factorof 3.9x
when comparedto the PentiumIII due solely to memory
systemdifferences. The addition of a MMU to the Raw
architecturewould largely mitigate thesedifferences. A
MMU would primarily reducethe cost of an alignedL1
cachehit to onecycleof occupancy insteadof 4.

The secondsigni�cant factorwherethe emulatoris in-
ferior in performancerelative to the PentiumIII is in real-
ized ILP. The PentiumIII is an out-of-orderthreeway su-
perscalar. While theemulatorpresentedin this paperdoes
scheduleinstructionsto hide functionalunit latencies,the
instructionsstill only executeon an in-order single-issue
tile. We approximatethe ILP inherentin SpecIntby look-
ing to previous work donein [5]. The ILP for SpecInt95
on a PentiumProwasfound to be1.3. To a �rst orderwe
approximatetheILP for SpecInt2000to bethesame.Thus,
the PentiumIII hasa 1.3x speedupwhencomparedto our
emulator. A portion of this ILP canbe achieved in by our
emulatorif theRaw tile wasmulti-issueor if wefocusedon
schedulingILP acrossmultiple tiles.

The x86 instructionsetcontainsconditioncodes,while
theRaw architecturedoesnot. In orderto emulatethis ar-
chitecturaldifference,ourx86emulatorkeepsthex86 �ags
packedin aregisterandusesinsertandextractoperationsto
accessthem. While our emulatordoesextensive dead�ag
eliminationto reduce�ag calculation,conditionalbranches

requirethe useof a single �ag that needsto be extracted
from thepacked�ag register. This in effect turnsany condi-
tionalbranchfromoneinstructioninto two instructions.As-
sumingbranchesoccuronceevery ten instruction,we can
estimatetheoverheadcostof generatingtwo instructionfor
every branchto bea 1.1x slowdown. Oneway to mitigate
thiscostis to add�ags to thehostarchitectureasTransmeta
did. Anothersolutionis to usea moresophisticatedbranch
transformationoptimizationprocessthat transformscom-
pareandbranchinstructionsto nativehostbranchtypes.

If we accountfor thepreviously discussed�xable archi-
tecturalde�ciencies,we �nd thataslowdown of 3:9 � 1:3 �
1:1 = 5:5 wasminimally expected.This leavesonly a fac-
tor of 1.3x of unaccountedslowdown for applicationson
the low-endof the slowdown spectrum(gzip, mcf, parser,
bzip2). Of this 30% slowdown, we believe the follow-
ing factorsto be major factors,codetranslationcost,code
cachingoverheadandnon-optimalcodegeneration.

While this analysisleavesonly a factorof 30%of unac-
countedslowdown on the low endof the slowdown spec-
trum,a 20x slowdown is unaccountedfor in applicationsat
thehighendof theslowdown spectrum(gcc,crafty, vortex).
In orderto accountfor thisdisconnect,wereferbackto Fig-
ure6. As canbeseen,thethreeapplicationswith themost
sever slowdown arealsothe applicationswith the greatest
numberof L2 codecacheaccesses.Thesepoorly perform-
ing applicationsareapproximatelyonehundredtimesmore
likely to accesstheL2 codecacheperdynamicinstruction
thanapplicationsthanperformwell. This suggeststhat the
instructionworking setsizefor theseapplicationsis larger
thanthe codecachecontainedon a singletile. Exacerbat-
ing this problemis the fact that the Raw hostarchitecture
doesnot have a hardwareinstructioncache,thuschaining
is not possibleoutsideof the lowest level of codecache.
If the Raw host architecturewere to add a hardware in-
structioncache,the lowestlevel codecachecouldbe large
enoughto hold the instructionworking set. By increasing
thesizeof thelowestlevel of thecodecache,chainingcould
beperformedthroughouttheinstructionworking set.Also,
anef�cient hardwareinstructioncachewoulddeterminethe
mostpertinentcodeto have in a tile's cache.

5 Futur eWork

In the future we believe that building virtual architec-
turesthatutilize dynamictranslationtechnologywill bean
effective way to utilize theever growing numberof parallel
resourceson a singlechip. To that end,we would like to
extendour work to utilize asmany processorsasis possi-
ble. While we acknowledgethat at somepoint therewill
be diminishing returns,if performanceof single threaded
legacy applicationscontinuesto beimportant,utilizing oth-
erwiseunusedparallelresourcesto acceleratetheselegacy
applicationcanstill provide muchneededperformanceim-



provement.
To utilize largerarraysof on-chipprocessors,we arein-

terestedin extendingthis work to build moresophisticated
virtual processors.Thereis potentialto constructanout-of-
ordersuperscalarasavirtual architectureacrossanarrayof
tiled processors.Setsof tilescanbededicatedto eachof the
functionsthataretypically employedin out-of-ordersuper-
scalarssuchasregisterrenaming,multiple functionalunits,
instructionscheduling,anda reorderbuffer.

Anotherway to improve theperformanceof our transla-
tor is to addhardwaresupport.Weareinterestedin general-
izedhardwarethatcanaid in emulationof all architectures
andnot only x86. An exampleof hardware that we have
consideredaddingto tiled processorsis thatof hardwareto
handleTLB lookupsquickly. In translationsystems,there
exist two addressspaces,the addressspacethat the trans-
lator needsand an addressspacethat the guestarchitec-
tureutilizes.We think theadditionof specializedloadsand
storesthathave hardwareTLB supportfor theguestarchi-
tecturewould bea largeperformancewin. Also, theability
to cachemissto adiffering tile insteadof DRAM wouldbe
bene�cial to employing virtual on-chipdatacachesbuilt out
of multiple tiles.

Very few of the�ndings of thiswork arespeci�c to x86.
Ratherwe chosex86 on Raw asa casestudyandbecause
wefelt thatx86wasthemostchallengingguestarchitecture.
An extensionto this work is thesupportof multiple archi-
tecturessuchasPowerPC,SPARC,or Alphaall onthesame
tiled substrateandmakeacompletelyuniversalprocessor.

We would like to extend the dynamic recon�guration
ideaspresentedin this paper. We think thata fertile ground
to investigateis how morphingcanbeappliedto multipro-
cessorsystems. We envision a large tiled fabric running
many virtual x86's all at thesametime. This would either
beanx86 server farmor anx86 SMPall built virtually on
a chip. If dynamicrecon�gurationis thenappliedbetween
virtual x86 processors,the virtual processorswould com-
petefor resourcesandthisleadsto ahigherutilizationof the
underlyingtiled fabricof processors.An exampleof this is
if two virtual x86's share16 tiles. If oneof thex86 proces-
sorsis stalledwaiting on I/O while the other is crunching
numbers,thestalledprocessorcouldbeshrunkdown to one
tile while thecomputationallyboundx86 couldusethere-
maining15 tiles to speedup its execution.

Lastly, we would like to improve on this work in both
performanceandrobustness.We believe that thereis sig-
ni�cant work that cango into improving the codequality
posttranslationandhenceperformancewins. Also, �nding
andmappingILP ontomultiple functionalunitswould im-
prove performance.On therobustnessfront, we would like
to turn our currentsysteminto a full systememulator. Cur-
rently we supportonly userlandcodeswith a proxy system
call interface.To supportbootingacompleteoperatingsys-
tem suchas Windows or Linux, systemlevel instructions

needto be addedto the core translator. Also, we would
like to be able to supportself modifying codeand 16-bit
addressedcode. The currentemulatorwasdesignedwith
selfmodifyingcodein mindandis currentlycapableof de-
tectingwritesto memorypageswhichcontaincodethathas
beentranslated.Ultimately we arestriving to run arbitrary
x86 operatingsystemsand applicationssuchas Windows
andMicrosoftOf�ce.

6 RelatedWork

Thework presentedin thispaperbuildsonthework pre-
viously donein thedynamictranslation,optimization,and
recompilationcommunities.Muchof theearlywork in this
�eld, suchashow to managecodecachesandtheintroduc-
tion of chaining,wasdonein Shade[8] andEmbra[24]. In
oursystemweapplyoptimizationsduringtranslationof the
code.Thereexist severaldynamiccodeoptimizerssuchas
Dynamo[2], DynamoRio[6], rePLay[18], andnumerous
otherprojectsthatoptimizecodefor JVMs. This work ex-
tendspreviousdynamictranslationwork by recastingmany
of theseideasin aparallel,spatiallyaware,environment.

DAISY [11], DELI [10], andTransmeta[9] all investi-
gatedynamictranslationto aVLIW architecture.Thework
presentedin this paperdiffers from thesepreviousparallel
mappings,by applyingparallelismin a muchmorecoarse
grainedmanner. Our work investigatesbuilding complete
virtual architecturesby usinga tiled processorasa compu-
tationalfabricthat is mappedontomuchin thesameway a
FPGAis used.Thesepreviousprojectsfocusedmoreheav-
ily on mappingtranslatedcodeacrossa VLIW to �nd ILP.
Webelievethiswork is complementaryto ourwork,andwe
hopeto utilize someof their parallelmappingmethodsin
thefuture. Anotherdifferencebetweenour work andthese
previousattemptsis thatmappingILP acrossa tiled archi-
tecturecan be more complicatedbut provides more peak
parallelismthanis availablein mosttypicalVLIWs.

This work is motivatedby new emerging parallelarchi-
tectureson a chip. Previously built chip multiprocessors
includePiranha[4], the POWER 4 [22], andMAJC [23].
Current tiled and replicated processorprojects include
Trips [16], Wavescalar[19], Smart Memories [14], and
Raw [20]. Recentlywe have seenthe adoptionof multi-
coredesignideasfrom majorindustryprocessorcompanies.
We hopethat the work in this papermotivatesfurther de-
signof theseparallelarchitectures,andcouldpossiblyeven
motivatetheadditionof hardwareto bettersupportparallel
emulation.

Oneapproachto supportinglegacy ISAs is to integrate
customizedhardwareto executethem. Early Itanium pro-
cessorstakethisapproachby integratinghardwarex86sup-
port [17]. Unfortunatelyintegratingspecializedhardware
precludesusingthis “legacy” silicon areafor executionof
recompiledparallelapplications.Also, addingspecialized



x86 hardware doesnot acceleratethe execution of other
legacy ISAssuchasPowerPCor multiplex86's.

7 Conclusion

In this work, we investigatedusing a parallel dynamic
binary translationengineto exploit the parallel resources
available in on-chip multiprocessorssuchas CMPs, tiled
processors,andmulti-coreprocessorsto acceleratetheexe-
cutionof legacy programson thesenovel architectures.We
introducedthreemechanismsthatcanbeappliedto acceler-
ateemulationin a parallelenvironmentanddemonstrated
their effectivenessin a real-world working proof of con-
cept prototypesystemthat runs x86 binarieson the Raw
tiled processor. We hopethat this work is ableto guidefu-
tureon-chipparallelprocessordesignsandprovide thema
mechanismfor ef�ciently executinglegacy applications.
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