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Abstract

Astheamountof availablesilicon resouceson onechip
increaseswe haveseenthe adventof ever increasingpar-
allel resoucesintegrated on-chip. Many architectuesuse
theseresoucesas individually controllable, parallel pro-
cessingelements.While sudh architectuesexcel at paral-
lel applicationsthey seldonsupportiegacysingle-theaded
applications. In this work, we proposeusing parallel re-
sourcesto facilitate executionof legacycodeswith accept-
able performanceon parallel architectues containing a
drasticallydifferentinstructionsetthroughthe useof anall
softwae parallel dynamicbinary translationengine This
enginespatially implementdifferent portions of a super
scalar processoracrossdistinct parallel elementghus ex-
ploiting the pipeline parallelisminherentin a supescalar
This virtual microarchitectute facilitates changingthe al-
location of silicon resoucesbetweendifferent supescalar
unitsin softwaewhich is notpossiblevhenspecialpurpose
physicalresoucesare built. \We proposebuilding dynami-
cally recon gurable architectues that inspectthe current
virtual madine con guration along with the dynamicin-
struction streamand change the con guration to bestsuit
the program's needsat runtime An x86 to Raw paral-
lel translationenginewasbuilt in which tiles dedicatedo
translationcanbetradedfor tiles dedicatedo the memory
systemasan exampleof dynamicrecon guration.

1 Intr oduction

Aswelookto thefuture,trendssuggesthatwe will seea
proliferationof on-chip,distributedparallelprocessorsuch
astiled processor$20, 16], multi-core processor$l], and
chip multi-processor$22]. Building suchprocessorss an
effective mannerto utilize the ever increasingsilicon re-
sourcesffordedto thecomputerarchitect.While thesepar
allel architecturegprovide for large performanceémprove-
mentsover typical sequentiaprocessorsgspeciallyon par
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allel applicationsthey typically donothingto acceleratex-
isting sequentiabinaryapplications.In mary casesdueto
architecturamismatchesuchasdiffering instructionsets,
lack of a MMU, non-coherentmemory differing I/O inter
facesandlack of OSsupport futureon-chipparallelarchi-
tecturesmaynotbeableto runour currentsetof application
binariesdirectly. Onesolutionis to eitherrecompileor re-
codeall of theapplicationsn theworld to take advantageof
thesenew architecturesUnfortunatelythis requiresreveri-
cation of all of theapplicationghatarecurrentlyused.and
platform porting may not even be possibleto someof the
architecturesiueto differing memorymodelsand lack of
OS support. Evenif feasible,this porting and veri cation
effort would be a hugeamountof duplicatedeffort. This
leavesdesignersf on-chipparallelarchitecturesn a bind;
they wantto focuson the exciting new parallelapplications
thattheir architecturegxcel at, but they still would like to
maintaincompatibility with the industry-standarduite of
applications.

Ultimately, we would notlik e to seethe creatvity of de-
signersof future architecturesmpededby the requirement
of backward compatibility, yetit is alsoa suboptimalsolu-
tion to requireall software be redesignedor thesefuture
architecturesln thefuture,legacy ISAs suchasx86will no
longer simplybe an ISA, but rather x86 and the accompa-
nying ecosystenwill becomean applicationthatall future
architecturewvill have to executeeffectively. Onesolution
may be to usea sequentiakranslationsystemto emulate
a legagy architectureto maintaincompatibility Unfortu-
nately this solutionmaynot provide sufcient performance
on legagy codesanddoesnot utilize ary of the parallelre-
sourcegprovidedby futureparallelarchitecturesvhich may
be the primary growth pathin the future. In this work, we
investigateusingparallel resoucesin atiled processoen-
vironmentas an enablingtechnolagy to acceleate emula-
tion. We introduceseveral nev mechanismf exploiting
parallelismin atiled processoto acceleratghe execution
of asinglethreadedegacy application.

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



namic translationfor a parallel architecture,typically a
VLIW [9, 11, 12], in thisresearclwe take a differentfocus
andutilize otherforms of parallelismthansimply schedul-
ing translateccodeto a VLIW processaorThe novel mech-
anismspresentedn this paperthat allow the utilization of
parallel resourcedo acceleratecrossplatform binary exe-
cutionare:

1. Speculatre Parallel Translation

2. SpatialPipelineParallelism

3. StaticandDynamicVirtual ArchitectureRecon gura-

tion

Thesetechniquesocuson usingthe tiled processomlsan
ASIC or FPGA-like fabric that hascustomizedunctional
units. To that end, this work can be thought of asim-
plementinga virtual superscalamicroarchitectureacrossa
tiled processofabric. We did notrestrictourselesto faith-
fully implementinga pre-«isting processodesign.Rather
we took the techniquesembodiedin superscaladesign,
which areeffective in exploiting transistorparallelism,and
appliedthemwhenit madegood engineeringsenseto do
s0. An exampleof this FPGA-like designis thefactthatwe
explicitly manageon-chip layout and communicationdis-
tance.

Oneof thekey portionsof ary dynamictranslationsys-
temis thetranslatoiitself. Unfortunatelyonedoesnotwant
to incur the costof translationon the critical pathof your
computation. To solve this problem,we introducespecu-
lative parallel translation. Speculatre parallel translation
traversesa programs possibleexecution pathsand trans-
latesthembeforethe pieceof codeis neededThisremores
the costof translationfrom the executionof any program
becausehe translationcostof future basicblocksis over-
lappedwith the executionof the currentblock. We believe
thatthistechniquecanevenbeappliedto superscalaris the
form of moreaggressie decodinginto a largertrace-cache
or codecachdike structure.

Spatial pipeline parallelismis the notion of coarsely
pipelining neededcomputationsacrossneighboringtiles.
We exploit this form of parallelismby pipeliningour mem-
ory systemand pipelining codecacheaccesseslLastly we
introducestaticand dynamicvirtual architecturerecon g-
uration. Staticrecon gurationis motivatedby the factthat
differentprogramshave differentrequirementsn termsof
working setsize,amountof ILP, andamountof instruction
bandwidth.On a non-virtualprocessarthe architectneeds
to chooseonecon gurationof all of theseparameteratde-
signtime, while in avirtual environment differentmachine
con gurationscanbe chosento t a particularprograms
needs. This caneven be extendedfor useinside of a pro-
gram,assuminghataprogramhasphasesandis calleddy-
namicvirtual architecturegecon guration.Dynamicrecon-
guration allows the emulatorto inspectitself along with
the programsneedsto rebalancesilicon resourcesat run-

time.

To explore theseconcepts,we have built a prototype
paralleldynamictranslationsystem.The prototypesystem
usesx86 Linux astheguestiSA andoperatingervironment
and executeson a Raw tiled processohost. We present
a fully functional systemthat executesarbitrary unmodi-

ed, userlandstatically-linked Linux x86 binarieson the
Raw prototypechip. The Raw hostarchitectures signif-
icantly differentthanthe guestx86 architecture. Namely
a vastly differentISA, lack of memorytranslation lack of
protection lack of conditioncodes,andlack of a hardware
instructioncacheon Rawv are someof the challengeghat
this designfacedand attacled in an all software dynamic
translationervironment. To mitigate this mismatchin ar-
chitecturesthis work exploits the parallelresourcegound
ontheRaw processoto acceleratdinarytranslation.

All of theresultspresentedn this paperwerecollected
onactualPentiumlll andRaw hardware.No modi cations
weremadeto thex86 binariesthe Pentiumlll hardware,or
the Raw hardware. Additionsto the Raw hardwarewould
have improved the performanceof Raw runningx86 bina-
ries,but in this studywe have focusedon pushingthelimits
of an all software approach. This work leaves the inves-
tigation of enhancinghe hardwarein tiled processorgor
the purposeof acceleratingemulationto future work. We
evaluatedbur paralleldynamictranslatiorsystemacrosshe
SpecInt2000 benchmarksuite and found that our system
with software memorytranslationattainsapproximatelya
7x-110xslovdovn whenx86 binariesarerunon Rav com-
paredby cycle countsagainsta Pentiumill.

This paperis organizedasfollows. Section2 examines
how the parallelresourceof a tiled processoican be ex-
ploited to acceleratedynamicbinary translation. In Sec-
tion 3wedescribghesystemmplementatiorandtradeofs.
We presentanddiscussthe resultsof several differing vir-
tual machinecon gurationsin Section4. Sectionss and6,
respectrely, presentfuture andrelatedwork. And nally
we conclude.

2 Exploiting Parallelism
2.1 Speculativ e Parallel Translation

Dynamichinary translatorsmeedto translatecodefrom
one architectureto anotherarchitectureat runtime. This
canbe quite expensve, especiallyfor applicationsthat ei-
therhave a very shortruntimeor containa large numberof
instructionsthat are executedinfrequently For long run-
ning programghatexecutethe samesetof instructionsfre-
qguently techniquesuchasa codecachecanamortizethe
cost of translationover mary executionsof a translated
block. On sequentialarchitecturestranslationstill uses
valuablecyclesthat could otherwisebe spentrunning op-
erationsfrom the program. We proposea bettersolution
for translation. Insteadof stealingcycles avay from the
mainprograms executionthreadto do translationspecula-
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Figure 1. Example Speculative Parallel Trans-
lation. Time increases from top to bottom.

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

Figurelillustratestheadwantage®f speculatie parallel
translation. Shavn on the left, is a hypotheticalsequen-
tial translator The processingelementalternatesdbetween
translatingand executingthe programof interest. Along
the way, the translatordecidesthatit is wise to optimizea
block, indicatedby the cross-hashedegion. On the right
side, a speculatie paralleltranslatoris shavn runningon
four processocores.In the speculatre paralleltranslation
example,threeprocessorsre usedfor translationand op-
timization, while oneis dedicatedo executethetranslated
code. Becausehe translationand optimizationcoresrun
aheadtranslatingthe program,the executioncoreis able
to executethe translateccodewithout the translationdelay
seenin the sequentialcase. By removing the translation
time from the critical path,the speculatie paralleltransla-
tion exampleis capableof completingearlierthanthe se-
guentialexampleasdenotedby T.

Onechallengehatexistswith speculatie paralleltrans-
lationis determiningvhich codeis mostlik ely to beneeded.
A naive implementationis simply to traversethe program
graphin control ow order When a branchis reached,
thetranslatorspavnsanew translationthreadfor eachpath
thatthe programmay go. We call this approactspeculatie
paralleltranslationbecausehe translatoris doing specula-
tive work, translatingportionsof the programthat may or
may not ever be executed.While it is possiblethata large
amountof thework thatis donemaynotbeneededvith this
schemetheseparallelresourcestill contribute to acceler
atingthe mainthreads execution.

Oneway to mitigatetranslatingunneedeatodesections
is to usesomeform of predictionwhenabranchis reached
to prioritize whatis to be translated.Also, properprioriti-
zationmay actuallyacceleratehe main threads execution
by notschedulingoortionsof codeto betranslatedhatmay
take away resourcegrom sectionsof codethatarecritical
to the programexecution.Unfortunatelythis form of prior-

itizationandpredictionis dif cult. It is effectively thesame
problemasconstructingabranchpredictorwith noprevious
branchinformation. Typically branchpredictorsusehistory
informationto determinewhich directiona branchtransi-
tions controlto. In this case,the translatoris translating
codebeforeit is even executed,and hencecanbe thought
of asa rst touchbranchpredictor Somestaticheuristics
canbeappliedin this situationsuchaspredictingbackward
branchegaken. Ball andLarussuggesbtherstaticheuris-
tics for branchpredictionin [3].

In this work we usedsimplistic staticbranchprediction
alongwith aprioritizedsetof queuego determinevhatad-
dressshouldbetranslatedhext. Thedifferentlevelsof prior-
ity areusedto determinevhichaddresshouldbetranslated
whenatile becomedree. Whenenqueuingthe priority is
determinedby the depththe currentblock is from a piece
of codethatis known to be on the correctexecutionpathof
the program. Thusasthe work becomesnore speculatie,
or further from the lastknow pieceof executedcode,it is
given a lower priority. The resultsof speculatie transla-
tionsarestoredin alarge codecacheuntil they areneeded.

This procedureworks for direct branches,but does
not handleregister indirect brancheswell. For indirect
branchesthe translatoris not able to determinewhat ad-
dressis the next appropriateaddresghatthe programmay
branchto until runtime. Typically, indirectbranchesome
in theform of eitherfunctionreturnsor callsthroughajump
table. For call returns,it is typically possibleto determine
the returnaddresst call time. We usea return predictor
which addsthe addressafter a call instructiononto a low
priority translationqueue. The returnaddresss put on a
low priority queuebecausdhe codeinside of the function
hasa higherprobability of beingneededhenthereturnlo-
cation. For jump tables,without symbolinformation, it is
effectively impossibleto know whataddressnaybe called.
Currently our systemdoesnot speculatrely translatebe-
yondunresohableregisterindirectjumps.

Speculatre parallel translationcan be appliedto other
forms of translation. For instance,most modernproces-
sorsthat executex86 codetranslateor decodeinstruction
streamsnto micro-operationshatarelaterexecuted.They
use specializedhardware to perform this translationand
storea small numberof decodednstructionsinto a trace
cache. Anotherapproachs to translatemore aggressiely
asdescribedn this sectionand cachethe translationsn a
muchlargercache.This cachemay possiblyresidein main
memoryor on somephysically distantportionof themicro-
processarUltimatelythismayreducesnegy usagebecause
it would prevent re-decodingpreviously decodedinstruc-
tions. Also, insteadof performingthis decodingwith spe-
cial purposehardware, this could be performedby general
purposeprocessorshat may be reallocatecbncethe work-
ing setof instructionshave beentranslated This canbe ap-
pliedto architecturesuchasTransmeta. Insteadof steal-
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ing cycleson the main computationunit, Transmetecould
usespeculatie paralleltranslatioron anarrayof smallpro-
cessorssituatedon a physically distantportion of the sil-
icon. This would reducetranslationcostsigni cantly, but
might be at the costof enegy andcodecachememaory
Lastly, speculatie paralleltranslationchangeghe con-
ventional wisdom in dynamic translators. Typically dy-
namictranslatorssmploy someform of hot spotoptimiza-
tion. Hot spotoptimizationdetectgshemostfrequentlyused
or “hot” portionsof a programand only optimizesthose
portions. This preventsstealingpreciousexecutioncycles
from the mainthreadto optimizecodethatis seldomlyrun.
With speculatre paralleltranslationpecauséhetranslation
is removed from the critical path of the programs execu-
tion, expensve optimizationscanbe appliedat translation
time andnot stealcyclesfrom the mainthread.Rathey the
translateccodethatis run is now optimized,thusreducing
thetime requiredfor it to execute.We still believe thathot
spot analysiscan improve performanceby not wastefully
optimizing code,but the costof optimizing codeis lowerin
a parallelervironment. In this projectwe decidedto leave
full optimizationsturnedon for all blocksbecausé¢he cost
of optimization,which wasoff of the critical path,wasout-
weighedby the bene t of executingoptimizedcode.

2.2 Spatial Pip eline Parallelism

Tiled processorsanbethoughtof asa substratdor cir-
cuitsto beimplementecn top of. Onesuchcircuit is that
of a processar We proposeexploiting a tiled architecture
asan ASIC or FPGA. Typically FPGA and ASIC designs
exploit multiple forms of parallelism. One form of paral-
lelism that can be easily exploited is pipeline parallelism.
This allows for logic to be usedsequentiallyby passing
databetween x ed function stages. In a dynamictrans-
lator thereare mary functionsthat needto be completed
thatmay not exhibit threador data-lerel parallelism. Thus
turningto pipelineparallelismallows for the exploitationof
parallelismin a differentmanner Pipeliningcanalsoin-
creasahethroughpubf aneededesourceFor instancejn
thiswork's prototypesystemthe memorysystemwasbuilt
out of multiple tiles in a pipelinedmanner Whenan ac-
cesds madeto thecachejt is rst passedo the MMU unit
for translationandthenontothe cachetile asshovn in Fig-
ure2. While thememoryrequests beingservicedthemain
executionprocessois freeto executeothernon-dependent
work andissuefurther memoryrequests.Like all modern
FPGAandASIC designswire delayis a signi cant factor
This s alsothe casewhenpipeliningacrosdiles, thusspa-

tial pipelining takesinto accountwire delaysto minimize
latencies.

This work is a proof of conceptthat pipelining a virtual
processorcrossa substrateof tiled processorss feasible.
This ideacanbe extendedto an extremeby implementing
a out-of-ordersuperscalaacrossmary tensof tiles. Sets
of tiles could be gangedtogetherto implementthe front
end translation,after which the instructionspassto a set
of schedulingtiles. Thentheinstructionscanbe passedo
processorshatperformrenamingandthenresenation sta-
tion tiles thatissueinstructionsto multiple executionunits.
Finally the instructionresultscould be passedalongto a
setof tiles thatimplementa reorderbuffer in software for
instructionretirement.This form of pipeliningwould effec-
tively allow a parallelprocessoto be usedto speedup the
executionof sequentiatodes.

2.3 Static and Dynamic Virtual Arc hitec-

ture Recon guration

Oneof the majordesigndecisionghatary computerar-
chitect grappleswith is how to provision the silicon area
thatheor shehasto work with. Evenwith arelatively small
numberof knobsthat canbe twealed, thereexists a large,
exponentialhumberof differentdesignghatcanbecreated.
With all of thesedifferentpossibledesignsthearchitectul-
timately choosessomecon guration of the resourcesand
encodeghis into circuits on silicon. Typically the archi-
tecttakesa representatie crosssectionof the applications
that the chip will executeand optimizesparametersuch
as cachesize, fetch bandwidth,bandwidthto main mem-
ory, numberof functionalunits, numberof physical regis-
ters,etc. Theparametershosemmaybe optimalacrosghe
benchmarlsuite,but it is probablethatthey arenotoptimal
for ary onebenchmarlbut ratherarea compromise.With
a virtual architecturedik e the one presentedn this paper
the architectdoesnot needto determinethe layoutandal-
locationof silicon resourcest chip designtime. Different
virtual architectureganbe createdandtailoredto bestsuit
aparticularapplication.

We proposeand demonstratestatic virtual architecture
recon guration. With staticvirtual architecturerecon gu-
ration,therearemary differingvirtual architectureshatare
implementedon top of a substrate.In this work the sub-
strateis atiled processarbut this mayalsobeamulti-cored
processarThe con guration of the virtual architecturede-
terminesthe relative amountof silicon resourcesledicated
to ary one function. This recon gurability freesthe de-
signerfrom designingonly onearchitecturedeterminecat
fabricationtime. Recon gurationcomesat the costof re-
quiring all of the physical silicon resourcedeing ableto
perform, possiblythroughsomeform of software emula-
tion, all functionsthata normalprocessomwould perform.
This requirementis a good matchfor homogeneousiled
processorsvhich allow ary pieceof siliconto performary



functionmodulosomeemulationcost.

We cantake this ideaof silicon recon gurationonestep
furtherandapplythe sametechniqueslynamically Within
ary given application,it may be the casethat at different
portionsof the programa differentallocationof the silicon
resourcesnay be optimal. This ideais motivatedby the
insight that programstypically transitionthroughmultiple
phasedhroughouttheir runtime. Whena programbegins,
the programhasnot beentranslatedor decodedyet, thus
mostof the silicon resourceshouldbe dedicatedo trans-
lation. After a signi cant portion of the programhasheen
translatedthe programmay needmorefunctionalunits be-
causeit hasreacheda highly parallelportion of its execu-
tion. Thenthe programneedsto accesamemoryoften to
storethe computedresults. With dynamicrecon guration,
the virtual architecturedetectsthis situationand allocates
moreresourcedor cache. Finally the programreachesan
indirect branchandthe programrequiresmoretranslation,
andresourcesreallocatedto thatneed. With dynamicar-
chitecturerecon guration, thereis somecentralizedman-
agerthat mustmake decisionswhento recon gure. This
manageiintrospectvely analyzeshe currentcon guration
of thevirtual machine the dynamicinstructionstreamand
the needsof the dynamicinstructionstream. Becausehis
level of optimizationis occurringat runtime, all informa-
tion is known which allows therecon gurationmanageto
take advantageof quantitieghatonly canbedeterminedac-
curatelyat runtime. The dynamicrecon gurationmanager
can use information such as cache(instruction and data)
miss rates, the dynamic determinationof actual instruc-
tion level parallelism(typically notdeterminablatcompile
time due to addressaliasing),the numberof basicblocks
waiting to be translatedthe dynamicbandwidthneededo
differing levels of cachehierarcly, andary otherdynami-
cally introspectve meta-databoutthe program.

Dynamic recon gurability doescomewith somecost.
Whenchangingthe virtual machinecon guration, thereis
a costassociatedvith recon gurationanda costto moni-
toring. To mitigatethe costof monitoring,samplingof the
recon gurationmetricscanbeemplo/edto make themoni-
toring costinconsequentialAn exampleof recon guration
costis the costassociatedavith changingthe sizeof the L2
datacache. Whenthe L2 cachephysically changessize,
the contentsof the L2 cacheneedto be ushed andwrit-
ten backto mainmemory Eventslike ushing of a cache
can be quite expensve if they occur often, thus ary type
of recon gurationsystemshouldhave hysteresisuilt into
the systemto preventtoo 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 blocksto be
translatedvasused.This dynamicrecon gurationallowed
our translationsystento beatthe beststaticallydetermined

con guration on somebenchmarkshusdemonstratinghe
power of introspectve dynamicrecon guration.

3 SystemDescription
3.1 Background

Beforethis paperexaminegheimplementatiorof anx86
dynamictranslatoron the Rav processarthe detailsof the
Raw processoandx86 instructionsetneedto bediscussed.
The Raw processois a generalpurposetiled processor It
consistof 16 identicalMIPS-like processorsarrangedn a
4x4 grid integratedon onedie. Thesel6 processoicores
are tied togetherby four rst-class register mappedcom-
municationnetworks. Two of the networks are routeddy-
namic networks and two are software routedstatic switch
networks. Eachtile alsocontains32KB of hardware man-
ageddata-cache32KB of software managedinstruction
memory and64KB of softwaremanagedwitchinstruction
memory

A tile is the basicrepeatedstructurethat the Raw pro-
cessorfis built out of. Inside of a Raw tile, thereis an 8-
stage32-bitprocessopipeline. ThelSA for eacttile'smain
processois derived from the MIPS ISA. The 16 Raw tiles
shareglobaloff-chip memorybut thereexistsno supportfor
cachecoherensharednemory Also, Raw lacksan MMU
or ary form of memoryprotection.

The guestarchitecturethat we are emulatingis the in-
dustrystandard86 or IA-32 architectureTheoriginal x86
ISA is relatively well organizedfor an accumulatotbased
machine,but hashad mary additionsthat nov male it a
guite complicatednstructionsetwith mary 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
cantouchmemory x86 is a two operandinstructionset
with a variablelengthencodingwhich makesdecodingthe
full instructionsetquite challenging. Finally, modernx86
codemalkesuseof a virtual memorysystemalongwith a
protectionschema.

3.2 Design Overview

Our emulatoris similar to most best-of-breedlynamic
binary translationsystemsandleveragesmuchof the pre-
vious work on translatorssuchas dynamicbinary transla-
tion, makinguseof a codecacheandchainingbranchesn
thelastlevel of codecachewheneer possible.But, mary
designtrade-ofs changewhenthey areconsideredn adis-
tributedervironment. Oneexampleis thatthe costto opti-
mizeblocksof translateccodeis lessthanin atypicaltrans-
lation system. In a parallel ervironment, optimizationis
donein the backgroundn processingesourceshatmight
otherwisebe left idle, while in a sequentiatranslatoy ary
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processotime thatis usedto do an optimizationstealscy-
clesfrom thecritical pathof the program.

Figure 3 presentsa block-level view of the translation
system. Eachbox represents tile, processorcore, exe-
cuting a portion of the emulationsystem. The runtime-
executiontile containsthe runtime engine,the L1 code
cache,andthe L1 datacache. This tile is responsibldor
executingall of the translatedcode and executesthe pri-
mary dispatchioop alongwith maintainingthe lowestlevel
of thecodecache.

To serviceinstructionmissesin the L1 codecache the
banledL1.5 codecaches consulted.TheL1.5 codecache
utilizestwo tiles asalocal cacheof alreadytranslateccode
for quick accesslf requesteatodeis notin the L1.5 code
cachethecoderequesteacheshemanagel 2 codecache
tile. The managettile is responsiblefor maintainingthe
codecachethat livesin main memoryand for coordinat-
ing the parallel speculatie translationunits. The L2 code
caches 105MB andis storedin off-chip DRAM. Thereare
mary translationslave tiles which run aheadand specula-
tively translategpossiblyneededtode.

Translationand optimization occurson the translation
slave tiles. The rst stageof the translatorleveragesa
small portion of the Valgrind memorydelugger[15]. Val-
grindwasdesignedo bea memorydehuggerandusegust-
in-time codeinstrumentatiortechnologyto detectmemory
leaks. The parsingis implementedas several large switch
blocks. With the exceptionof this parsingand somebasic
high level codecleanuproutines,all of the translatorwas
custombuilt for this project. Thetranslationslavesdo code
generatiorfrom a x86-like intermediateepresentatioto a
low level MIPS-like IR. Marny standarccompileroptimiza-
tionsareappliedatthislevel and nally thetranslateccode
is depositedn thelL2 codecache.

Whentheruntime-executiontile needgo usemoremem-
ory thatis storedin the in-tile L1 data-cacheit requests
datafrom theemulatorgipelinedmemorysystem.The rst
stepalongthis pathis the MMU andTLB tile. Thistile is

responsiblefor translatingx86 virtual to x86 physical ad-
dresses.lt is alsoresponsibldor translatingx86 physical
to Raw physical addressesThe MMU tile thenfarmsthe
memoryrequestout to one or more L2 cachetiles. The
L2 cachetiles are setup in a transactorstyle that service
memoryrequestsor fractionsof thephysicaladdresspace.
Lastly the systemcontainsatile dedicatedo 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 processorsa proof of concepffor severalideas
aboutconstructingvirtual architecturesn parallelsystems.
We strivedfor realismwherever possibleandassuchall of
the numberspresentedare gatheredon real hardware. No
simulationswereusedandhenceno modi cation to arny of
thehardwareresourceén eitherthe Pentiumlll or the Raw
processowasdone.Gatheringestresultson existing hard-
wareis a hugewin with respectto the time taken to run
benchmarksandallowed us both to gatherresultdatafor
largerinput setsandto gathersigni cantly moredatapoints
thanotherwisewould have beenfeasiblein asimulationen-
vironment. Runningon real veri ed hardware also lends
credibility to the legitimacgy of suchresultsin a realworld
ervironment,but it makesthe engineeringeffort higherbe-
causdhehardwareimplementationarenotmodi able thus
this work hasto acceptthemwith all of their blessingsas
well astheirfaults.

Throughoutthis section, we use performanceon the
SpecInt2000benchmarlsuiteasthe metricof comparison.
This benchmarksuitewascompiledusing GCC 3.0.4with
the“-O3" optimization ag. All of the binarieswere stati-
cally linkedandusenewlib 1.9.0asthestandardC' library.
The C++ benchmark252.eonwas omitted from thesere-
sultsbecausave wereunableto build andstaticallylink lib-
stdc++with newlib, andcurrentlyour dynamictranslation
systemis only ableto handlestaticallylinkedbinaries.The
paralleltranslatorin this papercurrently doesnot support
Intel's x87 oating point arithmetic. Speclintapplications
primarily useinteger arithmetic, but surprisingly astheir
namedoesnot imply, include a small amountof oating
pointoperationsThustheapplicationsverecompiledwith
the gcc ags “-msoft- oat -mno-fp-ret-in-387 which use
a soft oat library availableinside of libgcc when oating
point mathis required. The exact samesetof binarieswas
run unmodi ed on both the Pentiumlll andthe translator
runningon Raw. Thelarge datasetérom MinneSPE(13]
wereusedthroughouthis paper

To compareacros®latforms,aclock-for-clock compari-
sonmethodologywasused.Thustheperiodof onePentium
Il clockcycle wasconsideredo beequivalentto oneclock
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Figure 4. Comparison of L1.5 Code Cache

Sizes

cycle on the Raw processar We believe this to be a fair
comparisorif bothof thesedesignavereto beimplemented
in similar designstyleswith similar designefforts. A de-
tailed clock normalizedandnon-clocknormalizedcompar
isonof thesetwo architecturesanbefoundin [21]. Unless
otherwisestated,all of the numbersin this paperare pre-
sentedas slowdown whencomparedo a Pentiumlil and

. CyclesOnT ransl ator
canbecalculatedas: CyclesonP entuml 1T

4.2 Code Cache Sensitivit y

In this work, we investigate full applicationsversusfo-
cusingon kernels.Large instructionworking setsis oneof
thedrawbacksof utilizing sizableapplicationsuchasthose
foundin Specint. Applicationsparticularly stresstransla-
tion systemsif their working setof instructionsis larger
thanthe translators lowestlevel of codecache. We begin
our resultswith aninvestigation of our systems sensitvity
to codesize.

In ourinitial design,we did nothave aL1.5 codecache,
but we noticedthat someof the applications'instruction
working setsizewaslargerthanthelevel 1 codecacheavail-
ablein the runtime-eecutiontile. This causedsevere per
formancedegradationson certainbenchmarksandpersists
evenwith theL1.5 codecache Theadditionof aL1.5 code
cacheis an example of how parallel resourceghat were
not otherwisebeingproductiely usedcanbereallocatedo
actascachesandhencespeedumprogramexecution. Fig-
ure 4 containsresultsfrom threediffering machinecon g-
urations. One con guration hasno L1.5 codecache,one
containsa 64K code cachewhich 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 setslargerthanthe L1
code cacheof the translator The L1.5 codecachehasa
longerlateng thanaccessinghelL1 codecache andit pre-

130 M1 conservative translator

L] 1 speculative translator I
120 M2 speculative translator:
4 specula‘ive translators
11 [ 9 speculative translators
100 I
90
58%
o 0O
S 7\1
2 60
» 50 1
A0
AV
30—
20—
10—
o = Q S > = 4 Q. x N =
N 2 S 2 &£ 9 T U o ©
5 2 2 £ & ¢ E § £ § 2
¥ 0 © d s} S T < e o =
© N KN © g 2 O > 9 8
1 < = g~ Q N w5 9
- 9 o Lo« @
< 3 N
~N

Figure 5. Comparison with Differing Numbers

of Translation Tiles

ventschaining. We believe thatit may be possibleto use
a slightly betterL1 code cachingalgorithm thanthe cur
rently employed tight packingand ushing algorithm, but
ultimately thesebenchmarksre capacitylimited in the L1
codecache.With alargerL1 codecacheor the additionof
atrue hardwarelcachesystemin Raw, performancecould
be signi cantly improved for the benchmarkghat exceed
theL1 codecachecapacity A hardwarelcachewould help
by allowing a largervirtual L1 codecacheto be usedthan
ts on-chip,andchainingcould be doneacrosshis virtual
cache.In the currentsystemchainingcanonly occuronce
codeis copiedinto theinstructionmemoryof theexecution-
runtimetile becausét is only atthis point thatthe absolute
positionof therelocatablecodeblockis known.

4.3 Speculativ e Parallel Translation

To investigatethe virtuesof speculatre paralleltransla-
tion werantheSpeclntbenchmarlsuitewith differingnum-
bersof translationunits. We ranthis experimentwith 1, 2,
4,6, and9 slave translatorsFor the onetranslatorcasewe
performedhesetestswith andwithout speculationFor the
non-speculatie (conserative) case,the onetranslatordid
not translateaheadin the programand was always ready
waiting for a L2 codecachemissto occur In all of the
othercasesif atranslatiorrequestarrivesfromtheruntime-
executionengineandall of the slave tiles werebeingused,
the requestwould have to wait. The non-speculatie, con-
senative caseapproximateshetranslatiorportionof aclas-
sic sequentiatranslator

Figure 5 shaws the resultsfor this experiment. As can
be seen,with the exceptionof vpr, gcc, and crafty, using
speculatre paralleltranslationacceleratethe programex-
ecutionover the conserative case. Also the trend shavs
that as more translationresourcesare added,the applica-
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Figure 6. Number of L2 Code Cache Ac-

cesses per Cycle

tions executefaster Lower barsindicatelower slovdown
andfasterexecution. The 9 translatordatapointtradesoff
threeL2 datacachetiles for threeextra translatorover the
6 translatordatapoint.Hencein someof the memoryinten-
sive applicationghe9 translatowversionwasslightly slower
thanthe 6 translatorcase.
We werea little surprisedto seethat for vpr, gcc, and
crafty, the paralleltranslationcon gurationswereactually
slower thanthe conserative singlethreadtranslationcase.
We believe thatthis occursfor two reasonsFirst,in ourim-
plementatiorof speculatre paralleltranslation,we do not
usea preemptionmodel. Thusif arequesttomesin from
the executionenginefor a particularpieceof codethatis
notin theL2 codecacheandall of thetranslatiorslave tiles
are currently occupied this requeststallsuntil a slave n-
ishesits currentpiece of work. We believe that this can
be mitigatedby reservinga slave tile for theserequestgo
reducdateng for critical translationsor by adoptinga pre-
emptionmode.Secondthel 2 codecacheandmanagetile
is a sharedresourcethat all of the slave translatorsuseto
storetheir resultsin. This causessigni cant trafc to and
from this centralresourceandin turn delayssendingand
receving datato the runtime-eecutionengine. To investi-
gatethis further, we plotted the rate at which a particular
programaccesseshe L2 code cacheper cycle of execu-
tion time. Figure6 shavs theseresults. Theratesat which
theseapplicationsaccesshe L2 codecachevary over three
decades.Our hypothesisaboutcongestiorat the L2 code
cachewascon rmed by this experimentbecauserpr, gcc,
andcrafty all experiencea high rate of accesse$o the L2
codecache.ln thefuture,bankingor decentralizinghe L2
codecachewill mitigatetheseproblems.
The rate at which theseprogramsmissin the L2 code

cacheandhencehave to be translateccanbe seenin Fig-
ure?. This graphcon rms thatasmorespeculatie threads

are added,the missratein the L2 code cachedecreases.
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Figure 8. Comparison of No Code Optimiza-
tion versus Code Optimization

This is encouragindor speculatie paralleltranslationbe-
ing ableto decreas¢he critical pathfor translationaseven
more translationresourcesare added,and hencespeedup
programsthat otherwisehave high translationoccupang
dueto poorcodelocality.

In additionto paralleltranslation,we wantedto investi-
gate whethercodeoptimizationon every block wasworth
theaddedoccupanyg of performingthe optimizations.Fig-
ure8 shavstheruntimeof the Specintbenchmarlsuitewith
andwithout optimizationduring translation. For all of the
benchmarksthe occupang of performingoptimizationin
a speculatre parallel ervironmentwas far outweighedby
thedecreasén runtimesaffordedby the optimizations.For
theseruns,a dynamicallyrecon guring (6 to 9 slave trans-
lationtiles) con gurationwasused.

4.4 Static and Dynamic Virtual Arc hitec-

ture Recon guration

We investicate the tradofs involvedin virtual architec-
ture recon gurationin this section. Figure 9 containsthe
runtimesof benchmarksunwith  ve differentarchitecture
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con gurations. In this experimentwe trade-of the num-
berof translatiortiles againstthe sizeof the L2 datacache.
The rst two designsare static con gurations. The left-

mostbaris the datafor a con guration with 1 tile devoted
to beinga L2 datacacheof 32KB. Thenext datasets for a
staticcon gurationwhich utilizes4 tilesasal 2 datacache,
but has3 fewer translators.Finally we have threecon gu-

rationswhich dynamicallychangebetweenthe two previ-

ous static con gurations. Theseimplementationglemon-
stratedynamicrecon gurationin a paralleltranslatorervi-

ronment.

To betterexaminetheseresults,Figure 10 containsthe
resultsnormalizedo the 1 cachetile con gurationasaper
centagdasteror slover. The rst thingto noteis thatthe4
tile L2 datacachecon guration performsbetterthanthe 1
tile L2 cachecon gurationon somebenchmarkandworse
onothers.Thismotivatesstaticrecon guration,or choosing
the bestvirtual architectureon a perapplicationbasis.The
larger cachecon guration achieves superiorperformance
onapplicationghathave moredemandingnemoryrequire-
ments.Next we turn our attentionto dynamicallyrecon g-
uring the virtual architecturest runtime. As Figure 10il-
lustrates,on gzip, mcf, parserandbzip2, whenutilizing a
dynamicrecon gurationsystemthatintrospectvely exam-
inestheprogramandcon guration, it is possibleto beatthe
beststaticcon guration. It is encouraginghatevenwith re-
con guration occupanciesdynamicrecon gurationis able
torecon gurethevirtual machinego bestsuitanapplication
within a singleexecution.

Dynamicrecon gurationdid not beatthe staticcon gu-
rationson all the benchmarksin thesecasesa virtual ma-
chinearchitecthasthe choiceof usingastaticcon guration
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Figure 10. Relative Comparison of Perfor-
mance for Differing Con gurations (higher is
better)

perapplicationthatbestsuitsthatparticularapplication.We
investicatedwhetherthe reasonthat dynamicrecon gura-
tion did notbeatthestaticcon gurationsonall applications
wasrelatedto therecon gurationheuristic.In thisexample,
therecon gurationheuristicwasbasedff of thelengthsof
the “blocks to be translated’queues We variedthesemet-
rics andfoundthatasthe thresholdfor recon gurationwas
loweredfrom alengthof 15to alengthof O (if anythingwas
in a queue) thatthe numberof recon gurationsincreased.
Theoverall performancehoughwasnot relatedto this, but
largely decoupledrom therecon gurationheuristic.
Finally, while the gainsdueto dynamicrecon guration
over staticcon gurationsis humblein thisimplementation,
webelievethisis largely dueto theparameterthataremod-
ied (L2 datacachesize andtranslationresourcesbeing
secondorderfactorsin overall performance With this im-
plementationdynamicrecon gurationis ableto achieve a
3% performancencreaseover the beststaticcon guration
on someapplications. This is quite encouragingand val-
idatesthe ideathat dynamicrecon gurationcould leadto
larger gainswhenappliedto larger portionsof a virtual ar
chitecturesystemsuchasthe numberof functionalunits.

4.5 Analysis of Performance Loss

The approachtakenin this paperhasfocusedon build-
ing a paralleldynamictranslationervironmentbuilt com-
pletelyin softwarewithout ary modi cations to the under
lying Raw hardware.By choosinghis approachtheresults
presentedn this sectionhave beensererely impactedby
themis-matchin architectureandby someprimitive facili-
tiesnotbeingpresenin the Rav hardwaresuchasmemory
translationandlack of a hardwareinstructioncache In this
section,we investigate wherethe performancads lost and
suggessolutionsto acceleratdinarytranslation.

Oneof the primary differencesbetweerthe Pentiumlll
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Figure 11. Architecture Intrinsics

and our emulatoris in the memorysystem. As Table 11
shaws, the memorylateny andoccupang for loadson the
two architecturesre quite different. Due to the lack of a
hardwarememorymanagemeninit on Raw, theemulators
loadoccupang is 4 cyclesfor aL 1 hit, while theoccupang
on the Pentiumlll is 1 andhasa lower lateny. We can
computean estimatefor how much performanceis lost
due to the memory systemby using the memory system
statisticsfor Speclntgatheredn [7]. We usebasicCPI cal-
culationsasprescribedy (memory_accessrate (((1

L1 miss_rate) L1 hit_occupancy + (L1_miss _rate
(1 L2_miss_rate) L2_hit _.occupancy +
(L2_miss _rate L2 miss _occupancy)))) + ((1
memory_accessrate) non_memory_CP1) and hold
the memoryaccesgate and nonmemoryCPI constant.
Assuminga nonmemoryCPI of 1, we computea CPI of
3.9 basedoff of occupang for the emulatoranda CPI of
1 for the Pentiumlll. This assumeshatboth architectures
caneffectively nd workto doto coverthelateng of loads.
With theseassumptionghe emulatorlosesa factorof 3.9x
when comparedio the Pentiumlll due solely to memory
systemdifferences. The addition of a MMU to the Raw
architecturewould largely mitigate thesedifferences. A
MMU would primarily reducethe costof an alignedL1
cachehit to onecycle of occupanyg insteadof 4.

The secondsigni cant factorwherethe emulatoris in-
ferior in performanceelative to the Pentiumlll is in real-
ized ILP. The Pentiumlll is an out-of-orderthreeway su-
perscalar While the emulatorpresentedn this paperdoes
scheduleinstructionsto hide functional unit 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 PentiumProwasfoundto be 1.3. To a rst orderwe
approximatehelLP for SpecInt2000to bethesame.Thus,
the Pentiumlll hasa 1.3x speedupvhencomparedo our
emulator A portion of this ILP canbe achievedin by our
emulatorif theRaw tile wasmulti-issueor if we focusedon
schedulindLP acrosanultipletiles.

The x86 instructionsetcontainscondition codes while
the Raw architecturedoesnot. In orderto emulatethis ar-
chitecturaldifference pur x86 emulatorkeepshex86 ags
pacledin aregisterandusesnsertandextractoperationgo
accesghem. While our emulatordoesextensie dead ag
eliminationto reduceag calculationconditionalbranches

requirethe useof a single ag that needsto be extracted
fromthepacled ag register Thisin effectturnsary condi-
tionalbranchfrom oneinstructioninto two instructions As-
sumingbranchesccuronceevery teninstruction,we can
estimatethe overheaccostof generatingwo instructionfor
every branchto be a 1.1x slovdovn. Oneway to mitigate
thiscostis to add ags to thehostarchitectureasTransmeta
did. Anothersolutionis to usea moresophisticatedranch
transformationoptimization processthat transformscom-
pareandbranchinstructiongto native hostbranchtypes.

If we accountfor the previously discussedxable archi-
tecturalde ciencies,we nd thataslovdowvn of 3:9 1:3
1:1 = 5:5wasminimally expected.This leavesonly afac-
tor of 1.3x of unaccountedlowvdown for applicationson
the low-end of 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 analysideavesonly afactorof 30% of unac-
countedslowvdown on the low end of the slovdown spec-
trum, a 20x slowdown is unaccountedor in applicationsat
thehigh endof theslowdown spectrun{gcc,crafty, vortex).
In orderto accounfor thisdisconnectye referbackto Fig-
ure6. As canbeseenthethreeapplicationswith the most
sever slowdown arealsothe applicationswith the greatest
numberof L2 codecacheaccessesThesepoorly perform-
ing applicationsareapproximatelyonehundredimesmore
likely to accesshe L2 codecacheperdynamicinstruction
thanapplicationghanperformwell. This suggestshatthe
instructionworking setsizefor theseapplicationss larger
thanthe codecachecontainedon a singletile. Exacerbat-
ing this problemis the fact that the Raw hostarchitecture
doesnot have a hardware instructioncache thus chaining
is not possibleoutsideof the lowestlevel of codecache.
If the Raw host architecturewere to add a hardware in-
structioncache the lowestlevel codecachecould be large
enoughto hold the instructionworking set. By increasing
thesizeof thelowestlevel of thecodecachechainingcould
be performedthroughoutheinstructionworking set. Also,
anefcient hardwareinstructioncachewould determinehe
mostpertinentcodeto have in atile's cache.

5 FutureWork

In the future we believe that building virtual architec-
turesthatutilize dynamictranslationtechnologywill bean
effective way to utilize the ever gronving numberof parallel
resource®n a single chip. To thatend,we would like to
extend our work to utilize asmary processorasis possi-
ble. While we acknavledgethat at somepoint therewill
be diminishing returns,if performanceof single threaded
legagy applicationscontinuego beimportant,utilizing oth-
erwiseunusedparallelresourceso accelerateheselegacy
applicationcanstill provide muchneededcperformancem-



provement.

To utilize largerarraysof on-chipprocessorsye arein-
terestedn extendingthis work to build more sophisticated
virtual processorsThereis potentialto constructanout-of-
ordersuperscalaasavirtual architectureacrossaanarrayof
tiled processorsSetsof tiles canbededicatedo eachof the
functionsthataretypically emplo/edin out-of-ordersuper
scalarssuchasregisterrenamingmultiple functionalunits,
instructionschedulinganda reorderbuffer.

Anotherway to improve the performancef our transla-
toris to addhardwaresupport.We areinterestedn general-
ized hardwarethatcanaid in emulationof all architectures
andnot only x86. An exampleof hardware that we have
consideredaddingto tiled processorss thatof hardwareto
handleTLB lookupsquickly. In translationsystemsthere
exist two addresspacesthe addresspacethat the trans-
lator needsand an addressspacethat the guestarchitec-
ture utilizes. We think the additionof specializedoadsand
storesthathave hardware TLB supportfor the guestarchi-
tecturewould be alarge performancevin. Also, the ability
to cachemissto a differingtile insteadof DRAM would be
bene cialto employing virtual on-chipdatacachesuilt out
of multipletiles.

Very few of the ndings of thiswork arespeci c to x86.
Ratherwe chosex86 on Rav asa casestudyandbecause
wefelt thatx86 wasthemostchallengingguestarchitecture.
An extensionto this work is the supportof multiple archi-
tecturessuchasPowverPC,SFARC, or Alphaall onthesame
tiled substrateandmake a completelyuniversalprocessaor

We would like to extend the dynamic recon guration
ideaspresentedh this paper We think thata fertile ground
to investicateis how morphingcanbe appliedto multipro-
cessorsystems. We ervision a large tiled fabric running
mary virtual x86's all at the sametime. This would either
be anx86 sener farmor anx86 SMP all built virtually on
achip. If dynamicrecon gurationis thenappliedbetween
virtual x86 processorsthe virtual processorsvould com-
petefor resourcesindthisleadsto a higherutilization of the
underlyingtiled fabric of processorsAn exampleof thisis
if two virtual x86's sharel6 tiles. If oneof thex86 proces-
sorsis stalledwaiting on I/O while the otheris crunching
numbersthestalledprocessocouldbeshrunkdown to one
tile while the computationallypoundx86 could usethe re-
maining15tilesto speedupits execution.

Lastly, we would like to improve on this work in both
performanceand robustness.We believe that thereis sig-
ni cant work that cango into improving the code quality
posttranslationandhenceperformancavins. Also, nding
andmappingILP onto multiple functionalunitswould im-
prove performanceOn the robustnesgront, we would like
to turn our currentsysteminto a full systememulator Cur-
rently we supportonly userlandcodeswith a proxy system
call interface.To supportbootinga completeoperatingsys-
tem suchas Windows or Linux, systemlevel instructions

needto be addedto the core translator Also, we would
like to be ableto supportself modifying codeand 16-bit
addressedode. The currentemulatorwas designedwith

self modifying codein mind andis currentlycapableof de-
tectingwritesto memorypageswvhich containcodethathas
beentranslated.Ultimately we arestriving to run arbitrary
x86 operatingsystemsand applicationssuchas Windows
andMicrosoft Of ce.

6 RelatedWork

Thework presentedh this paperbuilds onthework pre-
viously donein the dynamictranslation,optimization,and
recompilationcommunities Much of the earlywork in this

eld, suchashow to managecodecachesandtheintroduc-
tion of chaining,wasdonein Shad€g8] andEmbra[24]. In
our systemwe applyoptimizationsduringtranslationof the
code. Thereexist severaldynamiccodeoptimizerssuchas
Dynamo[2], DynamoRio[6], rePLay[18], and numerous
otherprojectsthat optimize codefor JVMs. This work ex-
tendspreviousdynamictranslatiorwork by recastingnary
of theseideasin a parallel,spatiallyaware,ervironment.

DAISY [11], DELI [10], and Transmetd9] all investi-
gatedynamictranslatiorto aVLIW architectureThework
presentedn this paperdiffers from theseprevious parallel
mappings by applying parallelismin a muchmore coarse
grainedmanner Our work investigatesbuilding complete
virtual architecturedy usingatiled processoasa compu-
tationalfabricthatis mappedontomuchin the sameway a
FPGAIs used.Theseprevious projectsfocusedmorehear-
ily on mappingtranslateccodeacrossa VLIW to nd ILP.
We believe thiswork is complementaryo ourwork, andwe
hopeto utilize someof their parallelmappingmethodsin
thefuture. Anotherdifferencebetweerour work andthese
previous attemptsis thatmappingILP acrossatiled archi-
tecturecan be more complicatedbut provides more peak
parallelismthanis availablein mosttypical VLIWSs.

This work is motivatedby newv emeging parallelarchi-
tectureson a chip. Previously built chip multiprocessors
include Piranha[4], the PONER 4 [22], and MAJC [23].
Current tiled and replicated processorprojects include
Trips [16], Wavescalar[19], Smart Memories[14], and
Raw [20]. Recentlywe have seenthe adoptionof multi-
coredesignideasfrom majorindustryprocessocompanies.
We hopethat the work in this papermotivatesfurther de-
signof theseparallelarchitecturesandcould possiblyeven
motivatethe additionof hardwareto bettersupportparallel
emulation.

Oneapproacho supportinglegacy ISAs is to integrate
customizechardwareto executethem. Early Itanium pro-
cessorsake this approactby integratinghardwarex86 sup-
port [17]. Unfortunatelyintegrating specializechardware
precludesusingthis “legagy” silicon areafor executionof
recompiledparallelapplications.Also, addingspecialized



x86 hardware doesnot acceleratethe execution of other
legacy ISAs suchasPownverPCor multiple x86's.

7 Conclusion

In this work, we investigated using a parallel dynamic
binary translationengineto exploit the parallel resources
available in on-chip multiprocessorsuchas CMPs, tiled
processorsandmulti-coreprocessorto accelerateéhe exe-
cutionof legacy programson thesenovel architecturesWe
introducedhreemechanismghatcanbeappliedto acceler
ate emulationin a parallel ervironmentand demonstrated
their effectivenessin a real-world working proof of con-
cept prototypesystemthat runs x86 binarieson the Raw
tiled processaorWe hopethatthis work is ableto guidefu-
ture on-chipparallelprocessodesignsandprovide thema
mechanisnfor ef ciently executinglegacy applications.
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