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Abstract

Binaryrecompilationandtranslationplayanimportantrolein computersystemstoday.
It is usedby systemssuchasJava and.NET, andsystememulatorslike VMWareand
VirtualPC.A dynamicbinarytranslatorhave several thingsin commonwith a regular
compilerbut asthey usuallyhaveto translatecodein real-timeseveralconstraintshave
to bemade,especiallywhenit comesto makingcodeoptimisations.

Designingadynamicrecompileris acomplex processthatinvolvesrepetitivetasks.
Translationtableshaveto beconstructedfor thesourcearchitecturewhichcontainsthe
datanecessaryto translateeachinstructioninto binary codethat canbe executedon
thetargetarchitecture.This reportpresentsamethodthatallowsadeveloperto specify
how the sourceandtarget architectureswork usinga setof scriptinglanguages.The
purposeof theselanguagesis to relocatethe repetitive tasksto computersoftware,
sothatthey do not have to beperformedmanuallyby programmers.At theendof the
reportasimplebenchmarkis usedto evaluatetheperformanceof abasicIA32 emulator
runningon a PowerPCtarget thathave beenimplementedusingthesystemdescribed
here. The resultsof the benchmarkis comparedto the resultsof running the same
benchmarkon other, existing, emulatorsin order to show that the systempresented
herecancompetewith theexistingmethodsusedtoday.

Several ongoing researchprojects are looking into ways of designingbinary
translators.Most of theseprojectsfocuson waysof optimisingcodein real-timeand
how tosolvetheproblemsrelatedtobinarytranslation,suchashandlingself-modifying
code.
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1 INTRODUCTION

1 Intr oduction

The world of desktopcomputersis today dominatedby one actor, Microsoft, and
their platform Windows. Even thoughtheir expectedmarket shareis over 90% on
thedesktop,alternativessuchasGNU/Linux andApple'sMacOSX areslowly starting
to gain ground(Dalrymple2003,Gulker 2003). The server market hasalreadyseen
an explosion of GNU/Linux basedservers as both pricing and availability of good
software gives the competitorsa tough challenge(Jaques2003). As the alternative
operatingsystemsarebecomingmorepopularthepossibilityof choosinganalternative
hardwareplatformincreases.Microsoft Windows exclusively runson Intel hardware,
except for a small excursioninto the realm of somealternative hardware platforms
madewith Windows NT 4. MacOSX runson PowerPChardwareandGNU/Linux
is supportedon numerousarchitectures,including the Intel IA32 and IA64 as well
as the Motorola PowerPC.IA32 standsfor “Intel Architecture32” which has32-bit
long registersandIA64, alsoknown asItanium,has64-bit long registers(IA-32 Intel
Architecture SoftwareDeveloper's Manual2001a).

SinceMicrosoft Windows is the mostwidespreaddesktopoperatingsystem,it is
only naturalthat it hasthe largestnumberof supportedcommercialapplications.In
order to easeusertransitionto other platforms,a numberof applicationsare being
developedthat make it possibleto run Windows applicationson otherplatformsand
architectures. Someopen-sourcesolutions include Darwine, which intend to run
applicationsfor Microsoft Windows on MacOSX (White 2004),andQEMU, which
is a new projectthatemulatesa numberof differentprocessors(Bellard2004). There
is alsoanopen-sourceemulatortargetedat systemdeveloperswith abuilt-in debugger
andsupportfor instrumentation.This emulatoris calledBochsand is currently the
mostcompatibleof thethree(Lawton 2004).With theexceptionof Darwineall of the
above mentionedapplicationshave in commonthatthey have beendesignedto run on
a numberof differentarchitectures.Becauseof this, they includeonly a minimal set
of architecture-speci�coptimisationsandnoneof themarePowerPC-speci�c. This,
of course,hasa largenegative impacton emulationspeedsincevery few assumptions
aboutthehostsystemcanbemade.

There is also a numberof commercialemulatorsin existence. Virtual PC is
availablefor Apple MacOSandMicrosoft Windows (Virtual PC 2004). Simicsis an
emulatorsimilar to Bochsin functionality as it is also intendedasa tool for system
developers,with thedifferencebeingthat it canemulateseveralarchitecturesandnot
just IA32 (Magnusson2004). Thereis alsoan emulator, known asVMWare,which
only emulatesthesystemhardwareandnot theCPU(VMWare 2004),i.e., instructions
getpassedto therealCPUin thecomputerinsteadof beingemulated.Thishasseveral
advantages,onebeingthatthereis noneedto developaCPUemulationcore.Another
advantageis that bugs and undocumentedfeatureswill be handledcorrectly, not to
forget thefact that instructionsareexecutedat a one-to-oneratio. VMWareonly runs
on IA32 which is the biggestdisadvantageof this kind of emulation. It exists for
bothMicrosoft Windows andGNU/Linux. Two benchmarkswererecentlyconducted
comparingthe performanceof VMWare to Virtual PC running Microsoft Windows
98SE and Microsoft Windows XP (Pietro 2004a, Pietro 2004b). The test results
acquiredduring the �rst benchmarkshow that integer and�oating-point calculations
run at about90%of thenative system's speed.As for memoryaddressing,VMWare
is almostasfastasthehost,sinceit is usingthehostmemorydirectly, whereasVirtual
PCis utilising about60%of thehost's capacity. Thesecondbenchmarkperformedby
Pietro(2004a) shows a signi�cant increasein memoryaddressingperformanceover
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1 INTRODUCTION

VMWareby Virtual PCwhenusingMicrosoftWindowsXP. Recentversionsof Virtual
PCarebundledwith Windows XP which seemsto indicatethat it hasbeenoptimised
for runningthisoperatingsystem.

This report describea set of scripting languagesthat are intendedto aid the
developmentof JIT-compilingemulators.JIT standsfor just-in-timeandrefersto the
methodof deferringtranslationof binarycodeuntil it is aboutto beexecuted.A simple
IA32 emulatorfor PowerPC is developedusing thesescripting languages,and the
performanceof this emulatoris evaluatedandcomparedto someof theexisting IA32
emulators.Otheremulatorsfor othersystemscanbedevelopedusingtheselanguages
aswell, but this is notevaluatedin this report.

TheDAISYprojectby IBM useasimilarapproachto constructingemulatorsasthe
onedescribedin thisreport(Ebcioglu& Altman1996).They havechosento useVLIW
asanintermediaterepresentation.VLIW is anabbreviation for “Very Long Instruction
Word”, which is a low-level speci�cationarchitecture,similar to themicrocodesystem
usedinternallyby Intel's processors,thatcanbeusedto constructnew machine-code
instructionsnot presentin theoriginal design(Pountain2003). DAISY supportsrun-
timetranslationof VLIW intoanativeinstructionsetin casethetargetarchitecturedoes
notsupportVLIW. Oneproblemwith theVLIW approachis thatsincethespeci�cation
languageis on a lower level thanassemblylanguageit hasa highercomplexity level.
Anotherproblemis that the run-timetranslationapproachusedby DAISY whennot
runningonVLIW hardwareaddsoverheadto theemulatorwhichreducesperformance.
Theprimary focusof theDAISY projectis to build a systemthatwill run on top of a
processor. All applicationsincluding the operatingsystemwill run on DAISY. This
reportwill presenta methodbettersuitedto run asa user-level applicationof which
thefocusis on thehardwarespeci�cationlanguage.Severalproblemscoexist between
DAISY andthisproject,suchashow to handleself-modifyingcode.

LLVM (Low Level Virtual Machine)is aresearchprojectthathascreatedacompiler
framework which producesbinariesthatareexecutedinsidea virtual machine,which
is similar to emulationin thesensethatthevirtual machineis an“invented”hardware
whichthebinariesareexecutedon(Lattner& Adve2004).Thisprojecthasengineered
a virtual instruction-setarchitecture(seesection5.2) that is designedto make it easier
to optimiseduringrun-time.AlthoughLLVM andthisprojecthasseparategoals,some
of thetechniquespresentedby theLLVM projectareusedhere.LLVM de�ne a setof
virtual instructionsknown asLLVA of which a subsethave beenadoptedhere. The
mainreasonfor choosingLLVA is that it hasalreadybeentestedon severalhardware
architecturesby the LLVM project, theseinclude Intel IA32 and Sun Sparcwhich
representthetwo mostcommonclassesof processors,CISCandRISC(theseconcepts
aredescribedin section5.1).
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2 BACKGROUND

2 Background

Thepurposeof thischapteris to introducethereaderto anumberof importantconcepts
usedthroughoutthereport.

2.1 Emulation

Thepurposeof emulationis to enablesomeoneto runapplicationsonanotherplatform
thanit wasinitially designedfor. Theusemostcommonlyassociatedwith emulationis
to make it possibleto playcomputergamesfrom gameconsolesonastandarddesktop
computer. In an industrialsetting,emulationmight be usedto testout an embedded
systemwithout runningit on theactualhardware.Thishastheadvantageof giving the
developerthepossibilityto stoptheemulationatany giventimeandinspectthecurrent
systemstateat a low level, right down to theprocessorstatusregisters.Anotherwell
known exampleof emulation,even thoughit is usuallynot thoughtof assuch,is the
executionof Javaor .NET byte-code.Javaand.NET arebothbasedon instructionsets
thathavebeendevelopedto begeneralenoughthatthey caneasilybeemulatedonany
given system. This is what is known asbyte-codeasopposedto binary codewhich
only runson thespeci�c hardwareit wasintendedfor. The runtimesystememulates
this inventedinstructionsetwhenexecutingaJavaor .NET byte-code�le.

The difference betweensimulating a system and emulating it is de�ned by
Fayzullin (2000)asfollows:

“Emulation is an attemptto imitate the internal designof a device.
Simulationis an attemptto imitate functionsof a device. For example, a
programimitatingthePacmanarcadehardwareandrunningrealPacman
ROM on it is an emulator. A Pacmangamewritten for your computerbut
usinggraphicssimilar to therealarcadeis a simulator.”

ROM standsfor Read-OnlyMemory, and, in the caseof emulators,a ROM is
usuallya memorydumpof codethat hasbeenburnt into an integratedcircuit during
manufacturing.Videogamessoldoncartridgesarestoredthisway.

Four methodsof emulationare identi�ed by Sharp(2001). Thesearedescribed
here,dividedinto threegroups.

2.1.1 Inter pretive

An interpretiveemulatorreadsoneinstructionatatimefrom thebinaryto beemulated
andtranslatesit into somethingthatcanberun natively. This is themostwidely used
techniquebecauseit is themostsimplemethodto implement.However, it providesthe
slowestemulationspeed.This is how Bochsworks(Lawton2004).

2.1.2 Thr eadedcode

Insteadof interpretinginstructionsoneby oneandcalling proceduresto handleeach
instructionseparately, a methodknown as threadedcodecan be used. A block of
instructionsto beemulatedis reconstructedin memoryby ablockof functionpointers
to proceduresemulatingeachindividual instruction. Eachtranslatedblock may be
kept in a cache,sothat thesecondtime it is executedit doesnot have to betranslated
overagain. Sharp(2001)identi�es oneproblemwhenusingthreadedcodein asystem
emulatorwhich is that thereis no convenientway to handleself-modifyingcode. If
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this caseis to behandled,anemulatorbasedon threadedcodewould alsoneeda fall-
backto oneof the othermethodspresentedhere. Threadedcodeis usedby QEMU
(Bellard2004).

2.1.3 Recompiling

Thereare two forms of recompilationused,one is dynamicand the other is static.
Dynamic recompilation is also referred to as just-in-time (JIT) compilation. It
recompilesthe instructionsof the emulatedsysteminto instructions that can be
executedby thenative systemin real-time. This makesit possibleto apply low-level
optimisationsto blocks of codewhile the systemis running. A JIT-compiler only
compilesa block of codethe �rst time it is executedandstoresthe compiledblock
in memory. Subsequentcalls to analreadycompiledblock of codeusethecompiled
block from memoryinsteadof recompilingit again (Austin& Pawlan1999).

Static recompilationworks like dynamicrecompilationbut insteadof doing the
compilationduring runtimethe binary to be emulatedis convertedonly once,before
beingexecuted.Emulationof thiskind is usedby compilersthatgeneratenativebinary
codefrom Java byte-codefor instance.This techniqueis lesscommonamongsystem
emulatorsas it would be a very complex operationto statically compile an entire
operatingsystemandtheapplicationsto berunon it.

Java hasa standardfor how to openwindows and draw graphicsetc, as where
anentirehardwaresystemusuallyonly providesa low-level interfaceto thegraphics
hardware and leaves the rest to the operatingsystem. However, if the emulatoris
limited to running applicationsfrom just one operatingsystem,such as Microsoft
Windows, it would be possibleto usestatic recompilationprovided that calls to the
Windows API aretranslatedinto callsfor thenative platformAPI.

Recompilationis the most complicatedmethodof emulation to implementas
it doesnot just requireknowledgeof the systemto be emulatedbut also in-depth
knowledgeof the host system. The advantageis that it can run emulatedbinaries
muchfasterthananinterpretive or threadedcodeemulatorwould. Virtual PCis using
dynamicrecompilation(Virtual PC2004).

2.2 Trampolines

Trampolinesare neededwhen compiling a block of code which is meant to be
executable. A small block of initialisation instructions,known as a prologue, and
�nalisation instructions,known asanepilogue, have to beaddedto theblock. There
areacoupleof thingsthatneedto behandledby thetrampolineandthey varybetween
different platforms. Thereis however one thing they all have in commonand that
is settingup a local stackspace.The main purposeof the stackin the dynamically
compiled blocks of code is to act as a kind of swap-spacefor local registers, for
instance,when using registersas temporaryvariables(Sanseri2000, Aho, Sethi &
Ullman 1986). Thetrampolinealsocontrolspassingdatato andfrom generatedcode
blocksby functionargumentsandreturnvalues.

Thenametrampolinecomesfrom the fact that it is usedasa kind of springboard
by the emulatorin order to jump to a block of recompiledcode. This canbe done
in a numberof ways. When implementingan emulatorin C, one convenientway
of handling it is to set up a function pointer and have it point to whatever block
that is to be executednext. By using a function pointer the C-compiler, when
compilingtheemulator, will addtheinstructionsnecessaryfor storingandrestoringall
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registersduringa jump. If this is not donetheemulatorwill mostlikely stopworking
when returningfrom the trampolinecall unlessthe trampolinehandlesthis as well
(Sanseri2000,Sharp2001).

2.3 Addr esstranslation

In moderncomputersystemsit is rareto �nd asystemwhichonly runsoneprocessata
time. Usuallythenotionof severalprocessesrunningsimultaneouslyexist, commonly
referredto asmultitasking. Whenmorethanoneprocessis running,the questionof
securityarises.A buggyprocessmightunintentionallytry to accessregionsof memory
which doesnot belongto it, or a maliciousprocessmight try to modify thebehaviour
of anotherprocess.To protectprocessesfrom eachothertheconceptof virtual memory
wasinvented.Virtual memoryprovidesanabstractionfor theprocessesexecutingon
theCPU(Tanenbaum2001).

Addresstranslationis the term usedto describethe methodof providing the link
betweenphysical andvirtual memory. Thesememorytranslationsarecarriedout by
thememorymanagementunit, MMU, whichis usuallypartof theprocessoror provided
asaseparatehardwarecircuit in thesystem.

2.4 Runtime optimisations

One method for doing runtime optimisations, which is also used by standard
compilers,is peepholeoptimisation.Peepholeoptimisationprovide simplelow-level
optimisationswhich areusuallyarchitecture-speci�c.It is implementedasa sliding
window that analysessmall blocks of assemblerinstructionslooking for possible
modi�cationsto optimisetheblock.

Fischer & LeBlanc (1991) mentionselimination of multiplications by 1 and
additionsof 0, or replacinga sequenceof instructionsby a single instructionwith
the sameeffect as possiblepeepholeoptimisations. They state that a common
implementationof a peepholeoptimiseris carriedout by providing a hashedtableof
commonpatternsandtheir respective optimisations.Sincethe numberof patternsis
very largeit is importantthatonly commonpatternsareidenti�ed andstoredto reduce
thecostin timeof thealgorithm.

An interestingproject is LLVM (2004), the Low Level Virtual Machine. LLVM
optimisesapplicationsduring compile-time, link-time, run-time, and in idle time
between runs. A low-level RISC-like instruction set has been developed and
applicationsthat want to make use of LLVM must be compiled with a modi�ed
versionof GCC(theGNU C-compiler)thatcangeneratemachine-codebasedon this
instructionset. This meansthat applicationsmust be speci�cally compiled to use
LLVM andthey cannotberunstandalone.It is, however, possibleto recompileLLVM-
binariesinto native binaries.Lattner& Adve (2004)outlineshow thissystemworks.

2.5 SIMD - SingleInstruction, Multiple Data

SIMD is a methodused to processmultiple data entries in one operation. It is
commonlyusedto carryout simplearithmeticor logical operationson vectorsof data
points;suchasaddingfour �oating pointvaluesto four other�oating pointvalues(IA-
32 Intel Architecture Software Developer's Manual 2001b). Multimedia applications
or scienti�c calculationsprovide themostfrequentuseof thesekindsof instructions.
As goodvectorisationof datarequiresgoodplanningand in-depthknowledgeto be
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2.5 SIMD - SingleInstruction,Multiple Data 2 BACKGROUND

implementedinto software,it is only usedin a handfulof applications,eventhoughit
canprovideaconsiderableincreasein performance.

SIMD instructionswere �rst usedin the 1970's in vector supercomputers.In
1994, Hewlett-Packard introducedSIMD to the general-purposeCPU market by
implementingtheMAX instructionsetinto its PA-RISC processor. Todayit is found
in processorssuchastheMotorolaPowerPC,Intel IA32, andSunSparcto nameafew
(Espasa,Valero& Smith1998,Wikipedia2004).
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3 PROBLEM DESCRIPTION

3 Problemdescription

Theimportanceof beingabletoef�ciently executebinarycodefromotherarchitectures
is identi�ed by Altman, Kaeli & Sheffer (2000). They statethat an importantfactor
when introducing a new platform is to aid existing software developerson other
platforms to port their software to the new platform. Many developers�nd this
taskdif�cult andtime consuming.By providing emulation,existing softwarecanbe
run without modi�cation. This eliminatesthe fear of loosing an investmentfor the
developerif theplatformfailsasit will still berunningon its initial targetplatform.

Another importantaspectof having an ef�cient emulatoris becauseof its usein
byte-codebasedsoftware platformssuchas Java and .NET. Having a methodthat
can easily be re-adaptedto run different kinds of binary- or byte-codeef�ciently
on differentarchitectureswill make it easierto write ef�cient emulatorsandvirtual
machines(i.e., for Java). This, in turn, is valuable to researchersexperimenting
with this kind of technology, for instancewhenworking on new waysof optimising
existingbinarytranslators.Thereasonbeingthatfocusis shiftedaway from theactual
implementationof theCPU-coreasit is generatedfrom thescripts,andthereforeit is
easierto modify the entiresystemby eitherchangingthe script or by modifying the
parsersothatit cangeneratethecodethatis needed,suchassymbolsfor adebugger.

3.1 Aim and objectives

The aim of this paperis to evaluatea methodfor providing an ef�cient andportable
emulatorfor binarycodeby usinga setof scriptinglanguages.In orderto accomplish
this task(i) thescriptinglanguagesthatareusedto de�ne how thesourcearchitecture
can be mappedto the target architectureare designed. This consistsof a source
de�nition language,called Bricoleur, a virtual instruction set, Fan�a, and a target
de�nition language. A basic emulatorarchitectureis de�ned, which can be used
togetherwith the designedlanguagesin order to producea working CPU emulator.
(ii) A simpleIA32 emulatorfor PowerPCis developedusingthescriptinglanguages,
andasmallsubsetof theproposedemulatorarchitecture.(iii) Theperformanceof this
emulatoris measuredandcomparedto other, existing, emulatorsusinga benchmark
in an effort to show that the systemproposedin this reportcanprovide competitive
performance.Dueto thelimitationsof thebenchmarkusedtheresultsmightnot re�ect
theperformanceof a completeemulator, asonly thethroughputof basicinstructionis
measured.Anotherlimitation of this systemis that it doesnot handlevirtual memory,
pagingof memory, andmemoryprotection. Thesefeaturesare requiredin order to
emulatemodernprocessorsaccurately.

3.2 Requirements

List of thetwo mostimportantrequirementsalongwith compliancecriteria.

1. CPU-coreperformance
The CPU-coreproducedfrom the output of the scripts must perform better
(executecodefaster)thana CPU-coreusingonly an interpretive- or threaded
code-basedcore. It is however not requiredto outperforma CPU-corewritten
totally from scratchthathasbeenhard-codedfor onespeci�c sourceandtarget
platform.
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3.2 Requirements 3 PROBLEM DESCRIPTION

2. Expressivenessof scriptinglanguages
Thescriptinglanguagesmustbeexpressive enoughsothatall sourceandtarget
architecturescanbedescribedby them.Yet, they mustbesimpleenoughsothat
the amountof work requiredto write a script for a sourceandtarget platform
doesnotexceedtheamountof work it wouldtaketo hard-codethesolutionfrom
scratchfor a speci�c sourceandtarget. This requirementis dif�cult to verify
withoutacompletesystemimplementation,andbecauseof that,is not validated
in this report.

It mustbepossibleto mapevery sourceinstructionto a setof targetinstructions
without losingany of theeffectsthesourceinstructionwould have if run on the
native hardware. As is shown in section6 this requirementis not met by the
systemproposedhere.
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4 ARCHITECTURE

4 Ar chitecture

Proposedhereis anarchitecturewhich intendsto reducethecomplexity of creatinga
JIT-compilerfor emulatorsor virtual machines.Oneof theproblemswhencreatinga
JIT-compileris thatthey aredif�cult toporttootherplatformssincetheimplementation
dependson beingableto createbinarycodefor thetargetplatform. In orderto reduce
this problem,a virtual instructionsetarchitectureis usedto separatethe sourceand
target code in a way that is platform independent. When creatinga dynamically
recompilingemulator, largetablesof datawhichdescribeshow to decodeandtranslate
binarycodehastobewritten. Thesetablesmakeupthelargestportionof whatisknown
asthe CPU translationcore,or CPU-corefor short. To avoid having to do repetitive
work whendesigningthesetables,scriptinglanguagesarede�ned which areusedto
provide enoughinformationaboutthe sourceandtarget architecturethat a computer
programcangeneratethesetablesautomatically.

In order to achieve this, the systemproposedby this report consistsof a target
de�nition languagewhich is usedto de�ne how thetargetarchitecturebehaves,aswell
asa sourcede�nition languagewith thepurposeof de�ning theemulatedsystem.The
targetis thesystemfor whichtheCPU-coreshouldgeneratebinarycodeandthesource
systemis theonethat is to beemulated.Theideais to beableto combinethesource
de�nition of anarchitecturewith a targetde�nition of anotherarchitecturein orderto
producetheCPU-corefor anemulator.

Theprocessdescribedis not intendedto createa completeemulator, only a CPU-
corewhich canthenbeusedto build anemulator. Thereforethesystemasdescribed
hereis notdesignedto runasfastaspossible,but ratherto presentamethodthatcanbe
adaptedby someonewho is familiarwith theC programminglanguageandassembler.
ProjectssuchasDAISY usecomplex de�nition languagesthatarenotwell documented
publicly, andthereforerequiretheuserto studytheprojectsourcecodein orderto be
ableto useit.

Sharp(2001)lists thefollowing advantagesof usinganintermediatelanguage(he
refersto it asintermediatecode). Advantagesthat do not apply to the designchosen
for thisprojecthave beenleft out.

• The native codegeneratorcanbe re-targetedto supportother target platforms
withoutaffectingtheimplementationof thesourcearchitecture.

• Complex instructions that consists of multiple steps (or stages) can be
decomposedinto asetof simpler, virtual, instructions.

• It is easierto implementoptimisationsbasedon the intermediatecodesinceit
breaksdown complex instructionsinto smallerunits andthereforecanprovide
moremeta-datathantheoriginal instruction.

He alsomentionsthatdebuggingis easierwhich alsoappliesfor this project,although
in a different sensesincehe makes the assumptionthat the systemwill always use
IA32 asthetargetarchitecture.Becauseof theintermediatelanguage,a debuggerthat
is portableacrosssupportedtarget architecturescan be constructedsinceerrorscan
be mappedto the V-ISA, andare thereforenot dependenton the target architecture
implementation.

9
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4.1 A basicJIT-basedemulator architecture

Thedesignproposedhereis basedon thedesignsdescribedby Sharp(2001)andTraut
(1997).

A basicdynamicallycompiling emulatorconsistsof four components.The �rst
componentin thepipelineis thedispatcher. Thepurposeof thedispatcheris to dispatch
emulatorexecutionto the appropriatehandler. Handlersmay includethe instruction
decoder, a trap or interrupt handler, or an emulatorfor a speci�c hardware in the
emulated(source)systemotherthantheCPU.

Thesecondcomponentis thecompilerwhich is calledby thedispatcherwhenever
it reachesan executionpoint which hasnot yet beencompiled. The compilerparses
theblockof sourcebinarycodethatis to beexecutedandcompilesit into targetbinary
code.Theprocessinvolvedin this stepis furtherelaboratedon in section4.2.

A translation cache is used to store blocks after they have been compiled.
Succeedingcalls madeto an alreadycompiledblock of codearesimply reroutedto
the translationcache,therebybypassingthe compiler. Eachblock carriesa counter,
which is keepingtrack of the numberof calls madeto that block. Whenthe number
of callsexceedsa predeterminedthresholdanoptimiseris invokedon thecodewhich
will try to make it run faster. Thereasonwhy notall codethatis compiledis optimised
is becauseof theprinciple of locality, which statesthatonly about10%of thecodeis
executedmorethanonce(Tanenbaum2001,Sharp2001).

Thedownsideto usinga translationcacheis that if theapplicationbeingexecuted
modi�es its own code the emulatorhave to somehow detectthe modi�cation and
invalidatethatblock in thecache.Detectingmodi�cationsof alreadycompiledcodeis
acomplex problemnotcoveredin this report.

The last componentin this emulatorarchitectureis the optimiser. The purpose
of the optimiseris to make decisionsbasedon predeterminedrules that de�ne how
target instructionscan be reorderedor prunedin order to increaseexecutionspeed.
For instance,the IA32 only require one instruction to load a 32-bit value into a
register whereasthe PowerPCrequirestwo instructions. The compiler always tries
to �nd the most exact mappingbetweenthe sourceand target in order to maintain
emulationprecision,andwill thereforeuse32-bit loadinstructionswheneverthesource
architecturedoes.A simplepeepholeoptimisercanbeconstructedthatreplacesthe32-
bit loadinstructionson thePowerPCwith their 16-bit equivalents.

Figure1 is anactivity diagramdepictingtheprocessbeginningwith lookingupthe
next addressin theprogramcounterandendingin executingablockof code.Only the
architecture-independentpartsof thedispatcherswork areshown in thisdiagram.

4.2 The translation process

Oneof the tasksthat is to be taken careof during translationis to extract instruction
argumentsfrom thesourcebinarycode.In thetranslationtabledepictedin �gure 2, the
typecalled“instruction argument”speci�esthekind of argumentandhow many bits it
consistsof. Argumentsaredependenton thesourcearchitectureandarecreatedwhen
parsingaBricoleurscript,seesection5.4.Onepre-de�nedargumentclassexists,thatis
the“ARG IMMEDIATE” type,which indicatesthatanimmediatedatavaluefollows.

Whentranslatinga block of binarycodea decisionhasto bemadeaboutwhento
stoptranslating.The constructedblock cannot be too shortsincethenthe compiler
will have to be calledmoreoften andemulationmight be slow. The samething will
happenif theblock is too long, sincetime alsoneedto bespentemulatingperipheral

10
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Figure1: Activity diagramshowing theemulationprocessrelatedto theCPU-core.It
startswith thedispatcherfetchingthenext addressto beexecuted.If theblockof code
locatedatthataddresshasnotyetbeencompiledthecompileris invoked,otherwisethe
codeis loadedfrom thetranslationcache,andexecuted.If thecompilerwasinvokedit
will translatethesourceinstructionsto nativebinarycodeandstoreit in thetranslation
cache.If thecodeblock hasbeenexecutedfrom thecachea certainamountof times
the optimiseris invoked on it. After the block of codeis readyto be executedthe
dispatchertransferscontrol to it, andwhenexecutionis donethe processis repeated
for thenext address. 11
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hardwarepresentin thesourcearchitecture,suchasagraphicscontroller, network card
etc. Theemulatedgraphicshardware,for instance,hasto beprocessedat leastevery
framein orderto appearsmooth.

Cmelik & Keppel (1994) identi�es a number of breakpoints. These are
instructionsthattransfercontroloutsidethecurrentblock,softwaretraps,andmemory
synchronisationinstructions. Sharp(2001) mentionsthat a small forward branch
outsidethe currentblock might be part of a loop and thereforeshouldbe included
in thetranslatedblock to avoid performanceloss.Thebreakconditionhasto bestored
andreturnedto thedispatchersothat it knows what to do next. If thereis no obvious
break-pointin thebinaryblock thatis beingtranslated,thesizeof thetranslationcache
setstheupperboundof how many instructionsto translate.

4.2.1 Translation table

An importantcomponentin an emulatoris the CPU-core.The purposeof the CPU-
core is to decomposeablockof binarycodein thesourcearchitecture's format,andto
emulatetheir functionalityasaccuratelyaspossible.

Oneway of implementinga CPU-corein a dynamicallyrecompilingsystemis to
providea tableindexedon thesourceopcodes,whereeachentryholdstheinformation
necessaryin orderto emulatethatspeci�c instructionon thetargetsystem,suchasthe
binary translationto the target platform andhow to readpossiblearguments.This is
known asa translationtable.An exampleof a translationtableis depictedin �gure 2,
which is thetablestructurethathavebeendevisedfor theemulatorusedto evaluatethe
methoddescribedin this report.

Figure 2: Exampleof a translationfrom sourceto target instruction set using a
translationtable. Sourceopcodesareusedasthe primary key of tableentries. Each
entryholdsinformationabouttheopcodesarguments,andhow to parsethem,aswell
asavirtual method(assemble)which,whencalled,will producethetargetopcodes.

Eachentry in the tablestoresinformationaboutthe instructionat thatentry. This

12
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includesa string containingthe nameof the sourceinstruction,which is useful for
debuggingpurposes.Thenumberof argumentsandanarrayof “instruction argument”
typestoremeta-dataon the instructionarguments,so that theemulatorknows how to
parsethesefrom thebinarycode.Every entryhasa virtual methodcalled“assemble”
which is called to emit the target platform instructionsusedto emulatethe speci�c
instructions.This methodrequiresa pointerto the currentpositionin the instruction
cacheto whereit shouldwrite its data. Any parsedargumentsmustalsobe sentto
assemble.An exampleof theassemblemethodfor theIA32 instruction“add register,
immediate”canbe found in section5.5. This processis detailedin section4.2, and
a sampleimplementationin C++ of the variousdata-typesneededto constructthe
translationtableis depictedin table3.

/* Argumenttype */
typedef enum arg e f

ARG NONE, /* No argument*/
ARG IMMEDIATE, /* Immediatevalue */
ARG EXTERN, /* External function call */

g arg t;

/* Argumentmeta-data*/
typedef struct inst arg s f

uint8 t len; /* Argumentsize in bits */ 10
arg t type; /* Argumenttype */
/* The Argumentdata */
union f

int32 t imm32;
int16 t imm16;
int8 t imm8;

g;
/* If type == ARG EXTERNuse the appropriate function */
union f

void (*func8)(int8 t); 20
void (*func16)(int16 t);
void (*func32)(int32 t);

g;
g inst arg t;

/* Translation table entry type */
typedef struct entry s f

const char *mnemonic; /* Source instruction mnemonic*/
uint8 t num args; /* Numberof arguments*/
inst arg t *args; /* Array of pointers to argumentdata */ 30

g entry t;

/* Translation table type */
typedef map< uint32 t, entry t *> ttable t;

Figure3: Exampleof thedata-typesrequiredto constructa translationtablein C++.

By placingthetableinto anarray, sourceinstructionscanbeidenti�ed in constant
time. Theintentionis to beableto constructablockof instructionsthatcanbeexecuted
on thetargetplatformasquickly aspossible.

13
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5 CPU-coregeneration

In order to make it easierto createa portableCPU-core,a script languagehasbeen
created. The languageis divided into threeparts. Bricoleur is the languagewhose
purposeis to de�ne how thesourcearchitectureis designed.Eachinstructionde�nedin
Bricoleurcontainsafunctionaldescriptionmadein thelanguagecalledFan�a. Thethird
partis thetargetmappinglanguagewhichmapsFan�a instructionsto native instructions
of thetargetarchitecture.

TheCPU-coreis constructedfrom a Bricoleurscriptanda targetmappingby the
processpresentedin �gure 4.

Figure 4: Activity diagramof the processby which a CPU-coreis generatedfrom
a Bricoleur script anda target architecturemappingscript. Sourceandtarget scripts
canbe parsedindependentlyof eachotherafter which they arecombinedin orderto
producea translationtable,whichcanbeusedby anemulator.

5.1 Micr oprocessorarchitecture types

While developingthesescripting languagesboth CISC andRISC architectureswere
evaluated. Each instruction on CISC architecturesconsistsof one or several byte
blocks that identify the instruction, followed by none or several byte blocks for
eachinstructionargument(SY6500/MCS6500MicrocomputerFamily Programming
Manual1976,IA-32Intel ArchitectureSoftwareDeveloper'sManual2001c, Wikipedia
2004). Thebinaryvaluethatmakesup the instructionis known asanopcode.RISC
architectureson theotherhandhave a constantopcodesizeregardlessof thenumber
of arguments,normallyfour bytesin length.Theinstructionis identi�ed by aconstant
numberof bits startingfrom the most signi�cant bit of the instruction. Arguments
are placedin bit-�elds that are encodedinto the four byte opcode. For this reason
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it is not possibleto load immediatevalues that are 32-bits or larger using only
one instruction,which is possibleon CISC architectures(MIPS32Architecture For
Programmers 2003,ProgrammingEnvironmentsManual for 32-Bit Implementations
of thePowerPCArchitecture 2001,Wikipedia2004).

5.2 Virtual instruction setarchitecture

A virtual instructionsetarchitecture, or V-ISA, de�nes a setof low-level instructions
that are not usedby any existing hardware design. Theseinstructionsare typically
similar to theassemblerinstructionsfound in todaysmicroprocessors.Both Java and
Microsoft's .NET de�ne their own V-ISAs andwhenan applicationis compiledfor
oneof thesesystemsit is translatedinto the machinecodethat the respective V-ISA
hasde�ned (Adve,Lattner, Brukman,Shukla& Gaeke 2003).

The low level virtual machineproject, LLVM, hasde�ned a V-ISA calledLLVA
(Lattner2004).Thepurposeof LLVMis toprovideanarchitecturespeci�cally designed
for optimisation.LLVM is acompilerframework thatcompilehigh-level languagesinto
LLVA instructions.LLVA is designedwith the intentionof beingexecutableon any
modernarchitecture,andit hasbeentestedon Intel IA32 andSunSparc.Theproject
hasalsotaken into accountthedif�culties of handlingexceptionsandself-modifying
codeandhasdrawn from theexperienceaccumulatedby otherprojectsconductedin
thearea(Lattner& Adve 2004,Adve etal. 2003).

Hereweuseasubsetof theinstructionsetde�ned by LLVA asthegluebetweenthe
sourceandtarget de�nitions. This works asan abstractionlayer in orderto increase
portabilityby reducingthenumberof mappingsthathave to bewritten. If anew target
platform is to be added,the developerwould only have to createmappingsbetween
the target platform's instructionset and the virtual instructionset, otherwiseevery
instructionof everysourcede�nition wouldhave to modi�ed to accommodatethenew
platform.This reducesthenumberof requiredmappingsfrom n¤(n¡ 1) to 2n (where
n equalsthenumberof targetplatforms).

The downsideto using an architecturallyimpartial virtual instructionset is that
it doesnot accommodatefor making optimisationsto the target codebasedon the
sourcearchitecture.Finding a closemappingfrom the sourceto target architecture
instructionset for complex instructionsbecomemore dif�cult. For instance,when
SIMD instructionsare broken into virtual instructionsthat do not contain vector
instructionsit is dif�cult to mapthesebackinto vectorinstructionson thetargetside.

5.3 Fan�a - a virtual instruction set

The Su�s call this state fan�a, the annihilation of the individual
selfhood.In fan�a the characteristicsof the little self dissolveso that the
big Selfcanshowthrough.
- Nachmanovitch (1990,p. 52)

Fan�a is a a virtual instructionset createdas part of this project. It actsas an
intermediatecode to make it easierto add new target architecturesto the system
by specifyinga commoninterfacebetweenthe sourceand target de�nitions. Fan�a
is a strippeddown versionof LLVA (seesection5.2). SinceLLVA is designedto
be generatedby compiling high-level languageslike C and C++ it containssome
constructsthat arenot usefulwhengeneratingcodefrom binary machinelanguage.
Oneexampleis the“vaarg” instructionwhich is usedfor handlingvariadicprocedure
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arguments. LLVA is designedto be easyto optimiseand thereforemakes a good
candidateasa V-ISA for this project. SinceLLVA have all the necessaryfunctions,
have been testedon both CISC and RISC architectures,and is similar to IA32
instructionswhich is the most widely useddesktoparchitectureat this time, and
is thereforeeasyto learn for the majority of computerprogrammers,other virtual
instructionsetshave notbeenevaluatedfor thissystem.

Fan�a is aRISC-like languagebasedonasmallsetof instructions.Thecontext-free
grammarfor Fan�acanbefoundin sectionA.1. Anotheroptionwouldhavebeento use
aCISC-likelanguagebasedonalargenumberof instructions.Theadvantageof having
a largenumberof instructionsis thatcomplex instructions,suchastheFCOS(cosine)
instructionon IA32, areeasierto mapbetweenthesourceandtarget if they bothhave
a compatibleimplementation. On the negative side is the fact that it is dif�cult to
prede�newhatinstructionsto includein thelanguage.Onesolutionwouldbeto allow
arbitrary introductionof new instructionsbut this methodwould make it dif�cult to
constructa goodoptimiser. Leone& Lee(1994)is usinginstructionblock templates
to speedup codegenerationin their project.Templatescouldbeintroducedinto Fan�a
aswell to de�ne complex instructions,andat thesametime allow thetargetde�nition
to provide a directmappingfrom a templateto a singlenative instructionthatproduce
thesamestate,if oneexists.

5.3.1 Description

The type speci�ers available in Fan�a are de�ned by the Bricoleur script to which
the currentscript belong. Therearehowever threeprede�nedtypesthat arealways
available. They are, �oat, which is a 32-bit �oating point type, double,which is a
64-bit �oating point type,andlabelwhich is usedto seta labelat thedestinationof a
branchinstruction.

Instructionsarecarriedout from right to left, whichmeansthatwhenaninstruction
hasatargetargumentit is alwaystheonefurthestto theleft. For instance,“storeuint32
* registerreg3,reg5” wouldstorethecontentsof reg5at thememorylocationstoredin
reg3. The �rst argumentof thestoreinstructionmustbeof pointertype. “sub uint32
reg0,reg1,reg2” shouldbereadasreg0 = reg1¡ reg2.

“shl” and“shr” shiftsthesecondargumentthenumberof bitsspeci�edby thethird
argumenteither left or right, zerosareplacedin the new positions. “rol” and“ror”
workslikeshlandshrexceptthatthebitsarewrappedandnozerosareadded.

Branchoperationsareeitherrelative or absolute.An absolutebranchis of pointer
type and cannotbe negative, unlike the relative branch. “goto” is an unconditional
branch which is always carried out, but there are also a number of conditional
branches.A conditionalbranchis dependenton theconditional�ags setautomatically
by a previously executedinstructionor by implicitly using“cmp” beforethe branch
instruction. “gotolt” branchesif the �rst argumentof the comparisonis lessthanthe
second,“gotolte” on lessthanor equal,“gotoeq” on equal,“gotogte” on greaterthan
or equal,and“gotogt” ongreaterthan.

It is possibleto declaretemporaryvariablesin a block of Fan�a if that is necessary
to expressthesourcearchitectureinstruction.Temporaryvariablesshouldbedeclared
as late aspossibleto make it easierfor a dynamicregisterallocatorto decidewhen
to swap a register to the stack(if it hasto). Temporariesare translatedinto calls to
theregisterallocationsystemandthereforethey arenotmappedby thetargetmapping
languageto any targetspeci�c declarations.
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Exampleof a loop thatiterates100times,written in Fan�a:

/* Store the value 100 in r1 */
mov sint32 gpu.r1, 100;
/* Set a branch label */
label loop;
/* Subtract 1 from r1 */
sub sint32 gpu.r1, gpu.r1, 1;
/* Compare r1 to 0 */
cmp gpu.r1, 0;
/* If comparison resulted in r1 being greater than 0,
* branch to label loop */
gotogt label loop;

5.4 Bricoleur - the sourcede�nition language

There is a French word, bricolage, which meansmakingdo with the
materialat hand: a bricoleur is a kind of jack-of-all-tradesor handyman
whocan�x anything.
- Nachmanovitch (1990,p. 86).

Bricoleur is thesourcearchitecturede�nition language.Thepurposeof Bricoleur
is to describethe sourceCPU-architectureso that a CPU-corecanbe automatically
generatedin C-codeby combiningthe Bricoleur de�nition with a target de�nition.
Theonly thingsthedeveloperhasto manuallyaddarehandlersfor softwareinterrupts
andmemorymanagement,in casethesystemrequiresmorethanlinearmemoryaccess.
Thecontext-freegrammarcanbefoundin sectionA.2.

5.4.1 Details

A Bricoleur script can consistof up to four different sections. The �rst section
is the “�ags” sectionwhereCPU-�ags are de�ned. After that follows the “types”
sectionwherenew type-speci�erscanbede�ned. All registersavailablein thesource
architecturearede�ned in the “registers”section. The fourth and last sectionis the
“opcodes”sectionwhereinstructionsare de�ned. The contentsof eachsectionare
enclosedby braceslike in theC programminglanguage(“ f ”, “g”).

The “�ags” sectioncontainsa list of identi�ers which representa 1-bit �ag, such
asanarithmeticover�ow. Each�ag is separatedby a semicolon.Flagscanbeusedby
instructionsto registercertainconditionsor to carry out conditionaloperations.The
�ag sectionhasto bede�ned �rst in abricoleurscript.

The“types” sectionhasto comebeforetheopcodede�nitions sothat type-names
canbe evaluatedby the parser. A new type is de�ned by �rst giving it an identi�er
followed by the size in bits andan optional “signed” keyword, which indicatesthat
the type is signedinsteadof unsigned(thedefault). Every new typedeclarationmust
end with a semicolon. Typesthat are declaredin this sectioncan only be usedto
describeintegervalues.For thatreasontheprede�nedtypes“�oat” and“double” exist,
�oat is a 32-bit �oating point value,anddoubleis a 64-bit �oating point value(which
correspondsto the �oat anddoublein Fan�a). In order to be ableto handlecomplex
argumenttypes that cannotbe de�ned using bricoleur, suchas the IA32 ModR/M
argument(seesectionC.1.1),it is alsopossibleto call anexternalC-function. These
kinds of argumenttypesarede�ned by using the keyword “extern” followed by the
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nameof theexternalfunctionandargumenttype. Theargumentis extractedfrom the
binarydataandpassedto thespeci�edfunctionasasingleargument.

After thetypespeci�er theregistersavailableon thesourceplatformarede�ned in
the“registers”section.First of all a group-namehasto bede�ned afterwhich a block
enclosedby bracescontainsthe registerde�nitions. A registeris de�ned by entering
its namefollowedby a typespeci�er. If theregistercanbedividedinto subregistersit
is possibleto startanew blockwith bracesandde�ne any subregisters,anexampleof
thisis availablein sectionB.1. Everyregisterde�nition hasto beendedby asemicolon.
Registersarereferencedeitherby their groupnameor by “< group> .< register> ”.

The �nal and required section is the “opcodes” section where the source
architectureinstructionsarede�ned. A new instructionis de�ned by simply entering
the nameof the instructionfollowed by a new section.Within this sectioneachnew
opcodeis de�ned by enteringthe keyword “op” followed by either a constantor a
rangedconstant.A rangedconstantis on the form “(value,bitsize)” wherevalue is
the actualopcodevalue and bitsize is the numberof bits it occupiesof the opcode
�eld. If the opcodehasarguments,the de�nition is followed by yet anothersection
whereeachargumenttype is de�ned usingeithera type speci�er or anotherranged
constant. If an argumentis not parsedfrom the binary codeit is prependedby the
keyword “implied”. An exampleof an implied argumentcan be found in section
B.1. Eachopcodede�nition insidean instructionsectionmusthave thesamenumber
of arguments. If different versionsof the sameopcodeexist that have a different
numberof argumentsa new instructionblock mustbecreated,thereforeit is possible
to have multiple instructionblocks that are identi�ed by the sameinstructionname.
The opcodede�nitions arefollowed by an optional �ags de�nition which is a list of
�ags which aremodi�ed by theoperation.An appropriatemethodto properlyhandle
condition-�agshave not beenfound,andconsequently, it is currentlynot possibleto
emulatecodewhich containsinstructionswhich dependon condition-�ags. The �nal
sectionis the “func”-block which is a list of Fan�a instructionsthat de�ne how the
instruction is to be emulated. Argumentsare accessibleas “%< number> ”, where
< number> is thepositionof theargumentin thede�nition list, startingwith 1.

The languagepermitsde�ning the sameinstructionmultiple times. The reason
behindthis designis that thereexists architectureswhich allow the sameinstruction
to have a differentnumberof argumentsdependingon what theprogrammerwant to
achieve. The Fan�a de�nition dependson the fact that every opcodede�nition within
thatinstruction-blockhavethesamenumberof arguments.For thisreasonit wouldnot
bepossibleto de�ne all versionsof an instructionwhich allows a varyingnumberof
argumentsinsideoneinstructionde�nition.

Exampleof a simpleCPU-architectureconsistingof two 8-bit registersandanadd
instruction:

types {
uint8 8; /* unsigned 8-bit type */

}

registers {
gpu {

/* registers A and B are of uint8 type */
A uint8;
B uint8;

}
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}

opcodes {
add {
/* Opcode 1 means that the add is carried out on the A register

* Opcode 2 means the B register */
op 0x1 { implied register gpu.A, uint8 };
op 0x2 { implied register gpu.B, uint8 };
func {

/* Add the first argument to the second and
* store the result in the first argument */

add uint8 %1, %1, %2;
};

}
}

5.5 Targetmapping

Thetargetmappingfrom Fan�ais constructedusingade�nition languagethatresembles
Bricoleurbut which is muchsimplerin design.SectionA.3 holdsthecontext-sensitive
grammarof thetargetmappinglanguage.Typesandregistersarede�ned thesameway
asin Bricoleur(seesection5.4),but thereareno global“�ags” or “opcodes”sections.
Thetargetmappingcontainsanew sectioncalled“translators”whereFan�a instructions
aremappedto smallsectionsof codethattranslatetheminto native binarycode.

5.5.1 Usage

In the“translators”sectioninstructionsarede�ned by startinga new sectionidenti�ed
by the Fan�a instruction name. The instruction section containsa nestedlist of
instructionargumentsfollowed by a codeblock. The code-blockshouldcontainC-
codewhich generatethenecessarytargetbinarycodeto emulatethe instruction. The
instructionpointeris accessedas“p” andargumentsareaccessedthesameway asin
Fan�a, using%< number> . Eachblock is thentranslatedinto C-functionswhich are
calledby the emulator's compiler to generatethe target binary codeto emulateeach
instruction. An exampleof sucha C-functioncanbe found in �gure 5. Eachcode
block can containan optional �ags sectionwhich de�ne which �ags are modi�ed.
These�ags must conform to the namingschemede�ned by the sourcearchitecture
bricoleurscript.

Exampleof whatthetranslationmappingfor theresultpresentedin �gure 5 looks
like(GENOP3andEMIT32 arespeci�c to PowerPCcodegenerationandareexplained
in sectionB.2):

types {
sint32 32 signed; /* 32-bit signed type */

}

translators {
add {

register gpu {
sint32 {
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EMIT32(p, GENOP3(ADDIS, %1, %1, (int16_t) (%2 >> 16)));
EMIT32(p, GENOP3(ADDI, %1, %1, (int16_t) (imm & 0xffff)));

}
}

}
}

inline uint8 t *emit add r i32(uint8 t *p, ppc gpr t reg, int32 t imm) f emit add r i32
/* add the higher 16 bits of the immediatevalue to reg */
EMIT32(p, GENOP3(ADDIS, reg, reg, (int16 t) (imm >> 16)));
/* add the lower 16 bits of the immediatevalue to reg */
EMIT32(p, GENOP3(ADDI , reg, reg, (int16 t) (imm & 0xffff)));

/**
* Set the AF, SF and PF �a gs, the remaining�a gs can be
* mappedto existing PowerPC�a gs set by addis/addi.
*/ 10

p = emit mov r i32(p, gpr r11, imm);
p = emit set af(p, reg, gpr r11);
p = emit set sf(p, reg, 32);
p = emit set pf(p, reg);

/* Return the next available addressin the codeblock */
return p;

g

Figure5: Theassemblemethodof the IA32 instruction“add register, immediate”for
PowerPC.The 32-bit immediatevalue hasto be broken into two 16-bit partssince
RISCarchitecturesdonotsupport32-bit immediatevalues.Thehandlingof �ags have
beenaddedmanuallyaftercodegeneration.
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6 Results& analysis

A benchmarkis createdin orderto analyseemulationperformance.The benchmark
consistsof a function that calculatesprime numbers. The reasonthis benchmark
have beenchosenis that it will only measurepure instructionthroughputas it is a
mathematicalfunction that doesnot requireto storeor retrieve information from an
externalsource,andthereforewill not usefunctionality that is currentlyunsupported
suchasmemorymanagement.Thissectionwill alsoshow why thesecondrequirement
is notmetby thesystempublishedin this report.

6.1 Performancebenchmark

This benchmarkconsistsof a very simple algorithm for �nding all prime numbers
between3 andn (in this casen = 10;000). This algorithmis simpleto implementand
requiresenoughprocessingpower to make it measurable.Thereis alsono needfor
memoryaccessbecauseit is a bruteforce algorithmwhich doesnot useinformation
aboutalreadyfoundprimes.

C-codeof algorithm:

for (i = 3; i < 10000; i++) {
prime = 1;
for (j = 2; j < i; j++) {

if (!(i % j)) {
prime = 0;

}
}

}

When compiled with GCC, optimisedfor minimum size (to make it easierto
implementthe emulatoras it doesnot requiresupportfor as many instructions),it
translatesinto the instructionsdescribedin table1. Coderelatedto condition�ags is
listed in table2. On the PowerPC,register r20 is staticallymappedto EAX on the
IA32, r22 to EDX, r24 to ESP, andr25 to EBP. Branchesin the PowerPCcodeare
relative, but in the IA32 codethe absoluteaddresshasbeenusedin this exampleto
make it easierto seewhatthedestinationof thejump is.
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Table 1: IA32 to Fan�a to PowerPC instruction mapping for the
benchmark

Addr ess IA32 Fan�a PowerPC
0x1 mov edx,0x3 mov sint32registergpu.edx,0x3 lis r22,0x0

ori r22,r22,0x3
0x6 mov ebp,esp mov sint32registergpu.ebp,register

gpu.esp
or r25,r24,r24

0x8 mov eax,0x2 mov sint32registergpu.eax,0x2 lis r20,0x0
ori r20,r20,0x2

0xd cmpeax,edx cmpgpu.eax,gpu.edx subfco.r22,r20
Testandsetparity �a g
Testandsetadjust�a g
Testandsetsign�a g

0xf jge0x16 gotogte0x16 bge12
0x11 inc eax addsint32gpu.eax,gpu.eax,1 li r11,1

addco.r20,r20,r11
Testandsetparity �a g
Testandsetadjust�a g
Testandsetsign�a g

0x12 cmpeax,edx cmpgpu.eax,gpu.edx subfco.r22,r20
Testandsetparity �a g
Testandsetadjust�a g
Testandsetsign�a g

0x14 jl 0x11 gotolt 0x11 blt -12
0x16 inc edx addsint32gpu.edx,gpu.edx,1 li r11,1

addco.r22,r22,r11
Testandsetparity �a g
Testandsetadjust�a g
Testandsetsign�a g

0x17 cmpedx,0x270f cmpedx,0x270f lis r11,0x0
ori r11,r11,0x270f
subfco.r11,r22
Testandsetparity �a g
Testandsetadjust�a g
Testandsetsign�a g

0x1d jle 0x8 gotolte0x8 ble -48
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Table 2: PowerPCfunctionsthat test and set variousbits in the IA32
EFLAGSregister, theresultis storedin r19. x86 pf tableis anexternal
tableof constants.

Function PowerPC Instructions
Testandsetparity �ag li r11,0xff

andr12,< destinationregister> , r11
li r11,< x86 pf table>
lbz r11,< destinationregister> , r11
crorcr1,cr0,cr0
cmpwr11,0
beq12
ori r19,r19,0x4
b 12
lis r11,0xfffffffb
andr19,r19,r11
crorcr0,cr1,cr1

Testandsetadjust�ag xor r11,< destinationregister> , < sourceregister>
li r12,0x10
crorcr1,cr0,cr0
cmpwr12,0
beq12
ori r19,r19,0x10
b 12
lis r11,0xffffffef
andr19,r19,r11
crorcr0,cr1,cr1

Testandsetsign�ag li r11,8
sub�c r11,r11,< bit length>
neg r11,r11
sraw r11,< destinationregister> , r11
li r12,0x80
crorcr1,cr0,cr0
cmpwr12,0
beq12
ori r19,r19,0x80
b 12
lis r11,0xffffff7f
andr19,r19,r11
crorcr0,cr1,cr1

The algorithmhasbeenplacedinsidea loop on the IA32 which executesit 100
times. On a Pentium3/933MHzthealgorithmexecutesin about28.0seconds.In the
emulatorthenative codeis constructedby parsingthesource(IA32) binarycodeafter
which it is executedonce.Thisprocessis repeated90times,andevery tenthtime(plus
the �rst run) it is executedtwice insteadof once,achieving a total of 100 runs. This
designis usedto compensatefor theprincipleof locality (seesection4.1). Theresult
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from runningthe teston a 1GHz PowerPC7447(alsoknown asa G4) is about14.5
secondsof total durationof execution. The generatedPowerPC-instructionsarenot
optimisedin any way.

Applying asimplepeephole-optimisationto thecodewhichreplaces32-bit register
loadoperationswith 16-bit loadsresultedin afour secondreductionin executionspeed
on the PowerPC.Whenfurther optimising the codeby removing unnecessaryCPU-
�ags it runsmorethantwice asfast. Both theseoptimisationsweremademanually
sinceanautomaticoptimiserhave notbeenimplemented.

UsingQEMU, which is anemulatorusingthreadedcode(seesection2.1.2),on the
samePowerPCasmentionedabove, thedurationof executionis approximately162.0
seconds.While on Bochs,which is an emulatorusingan interpretive CPU-core(see
section2.1.1),theresultis 2880.0seconds.

The resultspresentedin table3 show that the systempresentedin this reportcan
competewith existingopensourceemulators.A morecomplex benchmarkcontaining
more complicatedinstructionswould probably result in better test accuracy. The
amountof coderequiredto emulateeachinstructionshouldbe relative amongthe
differentemulatorssincethey shouldall presentthesameresultafterexecution,soit is
likely thattheresultof suchabenchmarkwill notbeall thatdifferent.If thebenchmark
wascarriedoutonacompletesystememulatorthatis ableto handlememoryprotection
andSIMD instructionstheresultswould likely bedifferent,but thosekind of functions
arenothandledby thesystempresentedin this report.

Thesecondresultpresentedin table3, labelled“Bricoleur andFan�a”, is amodi�ed
versionof the auto-generatedcodethat containsinstructionsfor testingandupdating
sourcearchitecturecondition�ags. Thecurrentimplementationdoesnot fully support
handlingcondition�ags but thebenchmarkwouldnotcomparewell to existingsystems
thathandlethese�ags. Sinceanoptimiserwouldbeableto remove these�ags, asthey
arenot usedby thecodein thebenchmark,the resultsof runningthesystemwithout
the�ags is alsopresented.

It is shown by the resultsthat pure instructionexecutionis several times faster
comparedto theexisting,benchmarked,softwaresolutionsin thissimplecase.Further
testingof amorecompleteemulator, usingamorecomplex algorithmasabenchmark,
is necessaryin orderto establishthatthis systemperformsbetterthanotheremulators
in thegeneralcase.

Table 3: Resultsof execution timing by running the benchmarkin
differentenvironments.In all cases,exceptthenative run, theemulator
wasexecutedon a 1GHz PowerPC7447. The Unix command“time”
wasusedto measurethedurationof execution.

Envir onment Duration (s)
Pentium3/933MHz(Native) 21.6
PowerPC7447/1GHz(Native) 15.1
Ouremulator 32.9
Ouremulator(no �ags) 14.5
QEMU 0.5.5 162.0
Bochs2.1.1 2880.0
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6.2 Expressivenessof scripting languages

As statedin section3.2 thescriptinglanguagesmustbeexpressive enoughso thatall
sourceandtargetarchitecturescanbedescribed.Several instructionshave beentested
throughoutthe durationof this projectandoneIA32 instructionhave beenidenti�ed
which cannot be implementedby usingFan�a, and thereforethis requirementis not
metby thesystemproposedhere.Theinstructionthatbreakstherequirementis “rep”
which is usedto repeata speci�ed instructiona speci�c amountof times. Using the
implementationof Bricoleur and Fan�a as describedheredoesnot allow branching
betweendifferentinstructionde�nitions, only insidea Fan�a block, andit is therefore
notpossibleto properlyde�ne thesekind of instructions.
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7 Relatedwork

Two projectsthat usesimilar methodsto the onedescribedin this reporthave been
identi�ed duringthisundertaking.The�rst is Syn68kby ARDI which is acommercial
project.Not muchis known abouttheinternalsof Syn68kexceptthedetailspublished
by Hostetter(1995). The project usesa Lisp-like de�nition languageand supports
generatingeitheradynamicallyrecompilingCPU-corefor IA32 or aninterpretivecore
for other architectures.Bricoleur is using a C-like syntaxsinceC is more popular
than Lisp amongprogramminglanguages,and the intention is to make this system
accessibleto as many usersas possible(BV 2004). Syn68khave beenusedin the
creationof theirMacintoshemulator, Executor.

The secondproject is DAISY by IBM (Ebcioglu & Altman 1996). The main
purposeof DAISY is to developabinarytranslatorthatcanruncodeonVLIW-capable
processors. It is also possibleto attacha secondback-endthat translatesVLIW-
instructionsto native codefor non-VLIW systems.Whenrunningon a VLIW system
this emulatorwill probablyperformbettersinceit is optimisedfor translationdirectly
to VLIW, but if usinga translatorback-endit is likely to run slower thanthe system
presentedin this reportsincethe translationfrom VLIW to native codeis performed
real-time,whereastranslationfrom Fan�a to native codeis performedoff-line.
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8 Conclusion

In this section the conclusionsdrawn from the experiencegained throughoutthe
durationof thisprojectwill bepresented.

8.1 Summary

Systememulationhave severalusesbothin commercialandnon-commercialsettings.
A systememulatorcan be usedto be able to run older software when making a
transitionto anewersystemthatisn't backwardscompatible.Anotheruseis to beable
to runsoftwarethatonly existsfor anotherplatformthantheonecurrentlybeingused,
for example,WindowsapplicationsonGNU/Linux. However, building a fastemulator
canbeadauntingprocessthatinvolvesmany repetitive taskswhichcanresultin a time
consuming,andcostly, ventureto takeon.

In orderto remedythis problema systemusingthreescriptinglanguages,thatcan
be parsedby a computerprogramin order to generatelarger portionsof codethat
otherwisewouldhaveto bemanuallycreated,arepresentedandevaluatedin thisreport.
Theseare

1. Bricoleur, which is usedto describethesourcearchitecture.Bricoleurhavebeen
developedfrom scratchduringthisproject.

2. Fan�a, whichis avirtual instruction-setarchitecturethatdescribehow to translate
sourceinstructions.Fan�a is basedon theLLVA V-ISA presentedby Adve et al.
(2003),but with somemodi�cationsto adaptit to thissystem.

3. A targetmappinglanguagethatmapsFan�ainstructionsto codegeneratorsfor the
targetplatform. It resemblesBricoleurandhavebeendevelopedfrom scratchas
well.

Parts of the systemhave beenimplementedin order to test it using a simple
benchmark.Theimplementationis notpresentedin thisreportasit is notrelevantto the
systemthatis described.Thescriptinglanguagesonly provide a partialsolutionto the
problemassomepartssuchascondition�ags andmemorymanagementis not fully
coveredby the solution. The benchmarkhasbeenmodi�ed to take theselimitations
into accountin orderto maintaincomparabilityto otheremulators.

As shown by thebenchmarkthissystemprovidebetterresultswhenemulatingparts
of anIA32 microprocessoronaPowerPCcomparedto existingopensourceemulators.
However, in orderto show thatit performsbetterin all contexts asystemthatprovides
amorecompleteemulatorwill haveto beimplementedsothatanalgorithmof ahigher
complexity canbeevaluated.Undertheconditionsusedherethesystemful�ls the�rst
requirementlistedin section3.2.

Thesecondrequirementthathavebeende�nedis thatit shouldbepossibleto de�ne
all kindsof sourceandtargetarchitecturesusingthescriptinglanguagespresentedhere.
Section6 show that this requirementis not metsincesourceinstructionsthathave to
makebranchesoutsidetheir localFan�ade�nition cannotbede�nedusingthescripting
languagesde�ned in this report.

8.2 Futur ework

Topicsthatprovideinterestingresearchareasrelatedto theworkpresentedin thisreport
is describedin this section.
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8.2.1 Flags

Condition �ags are not handledat all by the current implementation. A possible
implementationwould be to add blocksof Fan�a to the �ags-sectionof Bricoleur in
orderto de�ne how each�ag is set.

Oneway it couldbehandledis to in-line thecodeto updatethe�ag registersin the
Fan�a de�nition for eachsourceinstruction.As shown in section6 a lot canbegained
by having anoptimiserremove unnecessary�ags andthereforeit mustbepossibleto
give hints to theoptimiserso that it knows how to remove the in-lined codefor each
�ag whenpossible.

8.2.2 Hot-spot optimiser

Sincethereis no point in optimising a block if it will take longer time to optimise
andexecuteit thanto run it unoptimisedthehot-spotoptimisercandecidewhat level
of optimisationto apply basedon the numberof times it hasbeenaccessedby the
emulatedsystem.

8.2.3 Persistenttranslation cache

Blocksof codethatareaccessedoftencanuseits accesscounterasa sort of priority
measurementin orderto keepasmallcacheof translatedandoptimisedcodeonstable
storage. That way blocks that are often accessedand have beenhighly optimised
survivebetweenemulationruns.

8.2.4 Support for de�ning memory management

Since memory managementis part of many CPUs (see section 2.3) it would be
bene�cial if it could be de�ned in the scriptinglanguageaswell sinceit might need
accessto certainCPUregistersandstatechanges.

8.2.5 Catching commonsystemcalls

Somecommonsystemcalls, suchas the onesfound in the standardC library (i.e.,
memcpy, strcpy etc),couldbecaughtby theemulatorandexecutedusingnative code.
As someof theseoperationstendto beheavily optimisedin modernoperatingsystems
it would run fasterusingthenativecoderatherthanusingtranslatedcode.

8.2.6 Self-modifying code

Thesystemproposedin thispaperdoesnothandleself-modifyingcode(SMC).Klaiber
(2000)talks aboutthe systemusedin the Crusoemicroprocessorto handlethis. The
Crusoe,however, is using a hardware-basedsolution which would not work as a
software-only implementation. LLVM supportsa constrainedform of SMC done
usingLLVA andonly appliesto futureexecutionsof thecodeblock,not to thecurrent
execution.Neitherof thesesolutionswill work in anemulator.

8.2.7 Fan�a templates

Introducesupportfor templatesinto Fan�a asdescribedin section5.3. Templateswill
make it easierto supporta closermappingof complex instructions,suchas vector
instructions,betweenthesourceandtargetsystem.
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A Context-freegrammars in Backus-Naur form

A.1 Fan�a

Fan�a is avirtual instruction-setarchitecture.

hfanai! `f ' hinstructionlist i `g'

hinstructionlist i! hinstructioni `;'
j hinstructionlist i hinstructioni `;'

hinstructioni! hdeclarationi
j hnopi
j hsetclri
j hdoublei
j htripleti
j hcomparei
j hbranchi

hargumenti! hregisteri
j h�ag i
j htypespeci�eri hvariablei
j hconstanti

hnopi! `nop'

hsetclri! `set' h�ag i
j `clr' h�ag i

hdoublei! hdoubleopsi htypespeci�eri hargumenti `,' hargumenti

htripleti! htriplet opsi htypespeci�eri hargumenti `,' hargumenti `,' hargumenti

hdoubleopsi! `load'
j `store'
j `mov'

htriplet opsi! harithmetici
j hbitwisei

harithmetici! `add'
j `sub'
j `mul'
j `div'
j `rem'

hbitwisei! `and'
j `or'
j `xor'
j `shl'
j `shr'
j `rol'
j `ror'

hcomparei! `cmp' hargumenti `,' hargumenti

hbranchi! hbranchopi htypespeci�eri hregisteri
j hbranchopi htypespeci�eri hvariablei
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A.2 Bricoleur A CONTEXT-FREEGRAMMARS IN BACKUS-NAUR FORM

j hbranchopi `label' hidenti�er i

hbranchopi! `goto'
j `gotolt'
j `gotolte'
j `gotoeq'
j `gotogte'
j `gotogt'

htypespeci�eri! hidenti�er i [ hpointeri ]

hdeclarationi! hidenti�er i hidenti�er i

hvariablei! `%'

hregisteri! `register' hidenti�er i

h�ag i! `�ag' hidenti�er i

hpointeri! `¤'

hconstanti! hint i
j hhexi
j hocti

hidenti�er i! hletteri j hletteri hdigit i

A.2 Bricoleur

Bricoleuris thesourcearchitecturede�nition language.

hbricoleuri! [ htypede�nitionsi ] hopcodede�nitionsi

htypede�nitionsi! `types' `f ' [ htypede�nition list i ] `g'

hopcodede�nitionsi! `opcodes'`f ' hopcodeslist i `g'

hfuncblocki! `func' hfan�ai `;'

hinstructionblocki! hop list i [ h�ags list i ] hfuncblocki

hopblocki! `f ' [ hargumentlist i ] `g'

hargumentlist i! hargumenti
j hargumentlist i `,' hargumenti

h�ags list i! `�ags' `f ' [ hidenti�er list i ] `g' `;'

hidenti�er list i! hidenti�er i
j hidenti�er list i `,' hidenti�er i

hop list i! hopde�nition i
j hop list i hopde�nition i

hopcodeslist i! hinstructionde�nition i
j hopcodeslist i hinstructionde�nition i

htypede�nition list i! htypede�nition i
j htypede�nition list i htypede�nition i

htypede�nition i! hidenti�er i hconstanti [ `signed' ] `;'

hopde�nition i! `op' hconstanti [ hopblocki ] `;'
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A.3 TargetmappingA CONTEXT-FREEGRAMMARS IN BACKUS-NAUR FORM

hinstructionde�nition i! hidenti�er i `f ' hinstructionblocki `g'

hargumenti! [ `implied' ] hargumenttypei

hargumenttypei! hregisteri
j h�ag i
j htypespeci�eri
j hconstanti

htypespeci�eri! hidenti�er i [ pointer]

hregisteri! `register' hidenti�er i

h�ag i! `�ag' hidenti�er i

hpointeri! `¤'

hconstanti! hint i
j hhexi
j hocti
j `(' hconstanti `,' hconstanti `)'

hidenti�er i! hletteri j hletteri hdigit i

A.3 Targetmapping

Thetargetmappingis usedto de�ne how Fan�a instructionsmapto instructionsthatcan
beexecutednatively on thetargetarchitecture.

hvariablei! `%' hdigit i

hpointeri! `¤'

htypespeci�eri! ( `�oat' j `double' j hidenti�er i ) [ hpointeri ]

hargumenti! `register' hidenti�er i [ `.' hidenti�er i ]
j `�ag' [ hidenti�er i ]
j htypespeci�eri

hcodede�nition i! [ h�ags de�nition i ] hC sourcecodewith in-linedhvariablei si

h�ags de�nition i! `�ags' `f ' hidenti�er list i `g' `;'

htypede�nition list i! hidenti�er i hconstantint i [ `signed' ] `;'
j [ htypede�nition list i ]

hregisterde�nition list i! hidenti�er i htypespeci�eri [ `f ' [ hregisterde�nition list i ]
`g' ] `;'

j [ hregisterde�nition list i ]

hinstructionde�nition list i! hinstructionde�nition i
j hinstructionde�nition list i

hregisterde�nition groupi! hidenti�er i `f ' hregisterde�nition list i `g'
j [ hregisterde�nition groupi ]

htypede�nitionsi! `types' `f ' [ htypede�nition list i ] `g'

hregisterde�nitionsi! `registers' `f ' [ hregisterde�nition groupi ] `g'

hinstruction de�nition i! hargumenti `f ' ( hinstruction de�nition list i j hcode
de�nition i ) `g'

iii



A.3 TargetmappingA CONTEXT-FREEGRAMMARS IN BACKUS-NAUR FORM

hinstructioni! hidenti�er i `f ' hinstructionde�nition i `g'

htranslatorlist i! hinstructioni
j htranslatorlist i

htranslatorsi! `types' `f ' [ htypede�nition list i ] `g'
j `registers' `f ' [ hregister de�nition groupi ] `g' j `translators' `f '

htranslatorlist i `g'
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B Scripts

ThissectioncontainsseveralBricoleurandFan�a samplescripts.

B.1 Exampleof Bricoleur scripts

Exampleof Bricoleurcodeemulatingpartsof aMotorola6502microprocessor:

/* These are the available flags for M6502 */
flags {

C; /* Carry */
Z; /* Zero */
I; /* Interrupt Disable */
D; /* Decimal Mode */
B; /* Break Command */
V; /* Overflow */
N; /* Negative */

}

/* These are types we will be using */
types {

uint8 8; /* unsigned 8-bit type */
uint16 16; /* unsigned 16-bit type */

}

/* The registers available in the M6502 */
registers {

/* General purpose registers (integer) */
gpu {

A uint8; /* register A is of uint8 type */
X uint8; /* register X is of uint8 type */
Y uint8; /* register Y us if uint8 type */

}
}

/* ADC (add with carry) opcode definition for M6502 */
opcodes {

/* Add to accumulator with carry using pointer fetched from a table */
adc {

op 0x61 { uint8, implied register gpu.X };
op 0x71 { uint8, implied register gpu.Y };
flags { C, Z, V, N };
func {

uint16 * addr;
add uint16 addr, %1, %2;
load register gpu.A, addr;

};
}

}

Exampleof Bricoleurcodeemulatingpartsof aPowerPCmicroprocessor:
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B.1 Exampleof Bricoleurscripts B SCRIPTS

flags {
LT; /* Less Than */
GT; /* Greater Than */
EQ; /* Equal */
SO; /* Summary Overflow */
CA; /* Carry */
OV; /* Overflow */

}

types {
/* Name of type followed by size in bits */
reg 5; /* 5-bit unsigned type */
uint32 32; /* 32-bit unsigned type */

}

registers {
gpu {

r0 uint32;
r1 uint32;
r2 uint32;
r3 uint32;
r4 uint32;
r5 uint32;
r6 uint32;
r7 uint32;
r8 uint32;
r9 uint32;
r10 uint32;
r11 uint32;
r12 uint32;
r13 uint32;
r14 uint32;
r15 uint32;
r16 uint32;
r17 uint32;
r18 uint32;
r19 uint32;
r20 uint32;
r21 uint32;
r22 uint32;
r23 uint32;
r24 uint32;
r25 uint32;
r26 uint32;
r27 uint32;
r28 uint32;
r29 uint32;
r30 uint32;
r31 uint32;

}
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B.1 Exampleof Bricoleurscripts B SCRIPTS

}

opcodes {
/* Add to accumulator with carry updating CR0 register */
addc. {

/**
* Opcode is identified by the integer value 31 stored in the first
* 6 bits. Then there is the rD, rA, and rB arguments which are five
* bits in length each. Followed by a single 0-bit, the value 10
* stored by nine bits, and finally 1.
* 6 + 5 + 5 + 5 + 1 + 9 + 1 = 32 bits
*/

op (31, 6) { (register gpu, 5), (register gpu, 5), (register gpu, 5),
(0, 1), (10, 9), (1, 1) };

flags { CA, LT, GT, EQ, SO };
func { add uint32 %1, %2, %3; };

}
}

The32-bit generalpurposeregistersof theIA32 canbebrokendown into one16-
bit registerswhichcanbefurtherbrokendown into two 8-bit registers.This is whatthe
de�nition lookslike.

types {
/* Name of type followed by size in bits */
uint32 32; /* 32-bit unsigned type */
uint16 16; /* 16-bit unsigned type */
uint8 8; /* 8-bit unsigned type */

}

registers {
gpu {

eax uint32 {
ax uint16 {

ah uint8;
al uint8;

}
}
ecx uint32 {

cx uint16 {
ch uint8;
cl uint8;

}
}
edx uint32 {

dx uint16 {
dh uint8;
dl uint8;

}
}
ebx uint32 {
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bx uint16 {
bh uint8;
bl uint8;

}
}

}
}

B.2 Exampleof translation mapping

Examplemappingof Fan�a instruction“mov” to PowerPCbinarycodegenerators.

/**
* These macros are not part of the translation mapping. They are used to
* construct the binary code for PowerPC instructions and are provided here
* to make it easier to understand how the mapping works.
*/

/* Store the 32-bit value x in pointer p and increase the pointer */
#define EMIT32(p, x) \

*((uint32_t *) (p)) = (uint32_t) (x); \
(p) += 4

/* Mask and shift the specified operand */
#define GEN_OPER(oper, val) \

(((val) & ppc_operands[(oper)].mask) << ppc_operands[(oper)].shift)

/* Generate the opcode for operation op using two arguments */
#define GENOP2(op, oper1, oper2) \

(ppc_opcodes[(op)].opcode | \
GEN_OPER(ppc_opcodes[(op)].operands[0], (oper1)) | \
GEN_OPER(ppc_opcodes[(op)].operands[1], (oper2)))

/* Generate the opcode for operation op using three arguments */
#define GENOP3(op, oper1, oper2, oper3) \

(ppc_opcodes[(op)].opcode | \
GEN_OPER(ppc_opcodes[(op)].operands[0], (oper1)) | \
GEN_OPER(ppc_opcodes[(op)].operands[1], (oper2)) | \
GEN_OPER(ppc_opcodes[(op)].operands[2], (oper3)))

types {
uint32 32; /* 32-bit unsigned type */

}

registers {
gpu {

r0 uint32;
r1 uint32;
r2 uint32;
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r3 uint32;
r4 uint32;
r5 uint32;
r6 uint32;
r7 uint32;
r8 uint32;
r9 uint32;
r10 uint32;
r11 uint32;
r12 uint32;
r13 uint32;
r14 uint32;
r15 uint32;
r16 uint32;
r17 uint32;
r18 uint32;
r19 uint32;
r20 uint32;
r21 uint32;
r22 uint32;
r23 uint32;
r24 uint32;
r25 uint32;
r26 uint32;
r27 uint32;
r28 uint32;
r29 uint32;
r30 uint32;
r31 uint32;

}
}

/* This is the actual translation mapping */
translators {

mov {
register gpu {

sint32 {
EMIT32(p, GENOP3(LIS, %1, (%2 >> 16)));
EMIT32(p, GENOP3(ORI, %1, %1, (%2 & 0xff)));

}

sint16 {
EMIT32(p, GENOP2(LI, %1, %2));

}

register {
EMIT32(p, GENOP3(ORA, %1, %2, %2));

}
}

}
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}

EMIT32 writesa new 32-bit instructionto theinstructionpointerandthenupdates
it to thenext emptyinstructionslot. GENOPxaremacrosthatcreatebinarycodefor the
PowerPCbasedon a tableof instructionencodings,which hasalsobeenhand-coded
andis notpartof theprojectdesign.
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C ARCHITECTURE-SPECIFICINFORMATION

C Ar chitecture-speci�c information

C.1 IA32

C.1.1 ModR/M

SomeIA32 instructionsuse the ModR/M argumentstyle which is a look-up table
that identi�es differentaddressingmodesandregisters. Thereis onetablefor 16-bit
argumentsandanotherfor 32-bit arguments.

Figures6 and 7 are taken from IA-32 Intel Architecture Software Developer's
Manual(2001c, pp. 2.5–2.7).

Figure6: 16-bitModR/M table
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Figure7: 32-bitModR/M table
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