A framework for rapid developmentof
dynamic binary translators

(HS-IKI-EA-04-102)

David Holm (dholm@gentoo.org )
Sdool of Humanitiesand Informatics
University of Skovde Box408
S-541285kbvde SWEDEN

Final YearProjectin ComputerScience Spring2004.
SupervisorHenrik Grimm



A framework for rapid developmentof dynamic binary translators

Submittedby David Holm to Hogslolan Skdvdeasa dissertatiorfor the degreeB.Sc.,
in the Departmenbdf ComputerScience.

June 6, 2004
| certify that all materialin this dissertationwhich is not my own work hasbeen

identi ed and that no materialis includedfor which a degree has previously been
conferredon me.

Signed:




A framework for rapid developmentof dynamic binary translators
David Holm (dholm@gentoo.on)

Abstract

Binaryrecompilatiorandtranslatiorplay animportantrole in computeisystemsoday
It is usedby systemssuchasJava and.NET, andsystememulatordike VMWareand
VirtualPC.A dynamicbinarytranslatohave severalthingsin commonwith a regular
compilerbut asthey usuallyhave to translatecodein real-timeseveralconstrainthave
to bemade especiallywhenit comesto makingcodeoptimisations.

Designingadynamicrecompileris acomplex procesghatinvolvesrepetitive tasks.
Translationtableshave to be constructedor thesourcearchitecturevhich containghe
datanecessaryo translateeachinstructioninto binary codethat canbe executedon
thetargetarchitectureThisreportpresent& methodthatallows a developerto specify
how the sourceandtamet architecturesvork usinga setof scriptinglanguages.The
purposeof theselanguagess to relocatethe repetitive tasksto computersoftware,
sothatthey do not have to be performedmanuallyby programmersAt the endof the
reportasimplebenchmarks usecdto evaluatetheperformancef abasiclA32 emulator
runningon a PoverPCtargetthat have beenimplementedusingthe systemdescribed
here. The resultsof the benchmarkis comparedo the resultsof runningthe same
benchmarkon other existing, emulatorsin orderto shav that the systempresented
herecancompetewith the existing methodsusedtoday

Several ongoing researchprojects are looking into ways of designingbinary
translators.Most of theseprojectsfocuson ways of optimisingcodein real-timeand
how to solvetheproblemgelatedo binarytranslationsuchashandlingself-modifying
code.

Keywords: Emulation,Binary Translation DynamicRecompilationJIT-compiler
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1 INTRODUCTION

1 Intr oduction

The world of desktopcomputersis today dominatedby one actot Microsoft, and
their platform Windows. Even thoughtheir expectedmarket shareis over 90% on
thedesktopalternatvessuchasGNU/Linux andApple's MacOSX areslowly starting
to gain ground(Dalrymple 2003, Gulker 2003). The sener market hasalreadyseen
an explosion of GNU/Linux basedseners as both pricing and availability of good
software gives the competitorsa tough challenge(Jaques2003). As the alternatve
operatingsystemsrebecomingnorepopularthepossibilityof choosinganalternatve
hardware platformincreasesMicrosoft Windows exclusively runson Intel hardware,
exceptfor a small excursioninto the realm of somealternatve hardware platforms
madewith Windows NT 4. MacOSX runson PaverPChardware and GNU/Linux

is supportedon numerousarchitecturesjncluding the Intel 1A32 and IA64 as well

asthe Motorola PonverPC.1A32 standsfor “Intel Architecture32” which has32-bit
long registersandlA64, alsoknown asltanium, has64-bit long registers(IA-32 Intel

Architecture Softwae Developers Manual2001a).

SinceMicrosoft Windows is the mostwidespreadiesktopoperatingsystem,it is
only naturalthatit hasthe largestnumberof supportedcommercialapplications.In
orderto easeusertransitionto other platforms,a numberof applicationsare being
developedthat make it possibleto run Windows applicationson other platformsand
architectures. Some open-sourcesolutionsinclude Darwine, which intend to run
applicationsfor Microsoft Windows on MacOSX (White 2004),and QEMU, which
is anew projectthatemulatesa numberof differentprocessor¢Bellard 2004). There
is alsoanopen-sourcemulatortargetedat systemdeveloperswith a built-in delugger
and supportfor instrumentation. This emulatoris called Bochsandis currently the
mostcompatibleof the three(Lawton 2004). With the exceptionof Darwineall of the
abore mentionedapplicationshave in commonthatthey have beendesignedo runon
a numberof differentarchitectures Becauseof this, they includeonly a minimal set
of architecture-speci mptimisationsand noneof themare PoverPC-speci c. This,
of course hasa large nggative impacton emulationspeedsincevery few assumptions
aboutthe hostsystemcanbe made.

Thereis also a numberof commercialemulatorsin existence. Virtual PC is
availablefor Apple MacOSandMicrosoft Windows (Mirtual PC 2004). Simicsis an
emulatorsimilar to Bochsin functionality asit is alsointendedasa tool for system
developerswith the differencebeingthatit canemulateseveral architecture@ndnot
just 1A32 (Magnussor2004). Thereis alsoan emulator knovn asVMWare, which
only emulateghe systemhardwareandnotthe CPU (VMWare 2004),i.e., instructions
getpassedo thereal CPUin the computelinsteadof beingemulated This hasseveral
adwantagespnebeingthatthereis no needto developa CPUemulationcore. Another
adwantageis that bugs and undocumentedeatureswill be handledcorrectly not to
forgetthefactthatinstructionsare executedat a one-to-onaatio. VMWareonly runs
on IA32 which is the biggestdisadwantageof this kind of emulation. It exists for
both Microsoft Windows and GNU/Linux. Two benchmarksvererecentlyconducted
comparingthe performanceof VMWare to Virtual PC running Microsoft Windows
98SE and Microsoft Windows XP (Pietro 2004a, Pietro 2004). The test results
acquiredduringthe rst benchmarkshow thatintegerand oating-point calculations
run at about90% of the native systems speed.As for memoryaddressingyMWare
is almostasfastasthe host,sinceit is usingthe hostmemorydirectly, whereasVirtual
PCis utilising about60% of the host's capacity The secondbenchmarlkperformedoy
Pietro (2004n) shaws a signi cant increasein memoryaddressingperformanceover
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VMWareby Virtual PCwhenusingMicrosoft Windows XP. Recentversionsof Virtual
PC arebundledwith Windows XP which seemdo indicatethatit hasbeenoptimised
for runningthis operatingsystem.

This report describea set of scripting languagesthat are intendedto aid the
developmentof JIT-compilingemulators.JIT standsfor just-in-timeandrefersto the
methodof deferringtranslatiorof binarycodeuntil it is aboutto beexecuted A simple
IA32 emulatorfor PowverPCis developedusing thesescripting languagesand the
performancef this emulatoris evaluatedandcomparedo someof the existing 1A32
emulators.Otheremulatordor othersystemsanbe developedusingtheselanguages
aswell, but thisis notevaluatedn this report.

TheDAISYprojectby IBM usea similar approacto constructingemulatorsasthe
onedescribedn thisreport(Ebcioglu& Altman1996). They have choserto useVLIW
asanintermediataepresentationvLIW is anabbreiation for “Very Long Instruction
Word”, whichis alow-level speci cationarchitecturesimilarto themicrocodesystem
usedinternally by Intel's processorsthat canbe usedto constructnew machine-code
instructionsnot presentin the original design(Pountain2003). DAISY supportsun-
timetranslatiorof VLIW into anativeinstructionsetin casehetargetarchitectureloes
notsupportVLIW. Oneproblemwith theVLIW approachs thatsincethespeci cation
languagds on a lower level thanassemblyjanguaget hasa highercompleity level.
Anotherproblemis that the run-timetranslationapproachusedby DAISY whennot
runningonVLIW hardwareaddsoverheado theemulatowhichreducegperformance.
The primaryfocusof the DAISY projectis to build a systemthatwill runontop of a
processar All applicationsincluding the operatingsystemwill run on DAISY. This
reportwill presenta methodbettersuitedto run asa userlevel applicationof which
thefocusis onthehardwarespeci cationlanguage Several problemscoexist between
DAISY andthis project,suchashow to handleself-modifyingcode.

LLVM (Low Level Virtual Machine)is aresearctprojectthathascreateca compiler
framavork which producesinariesthat areexecutedinsidea virtual machine which
is similar to emulationin the sensehatthe virtual machineis an“invented”hardware
whichthebinariesareexecutedon (Lattner& Adve 2004).This projecthasengineered
avirtual instruction-setirchitecturgseesection5.2) thatis designedo make it easier
to optimiseduringrun-time. AlthoughLLVM andthis projecthasseparatgoals,some
of thetechniquegpresentedby theLLVM projectareusedhere.LLVM de ne a setof
virtual instructionsknown as LLVA of which a subsethave beenadoptedhere. The
mainreasorfor choosingLLVA is thatit hasalreadybeentestedon several hardware
architecturesy the LLVM project, theseinclude Intel 1A32 and Sun Sparcwhich
representhetwo mostcommonclasse®f processorsCISCandRISC (theseconcepts
aredescribedn section5.1).
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2 Background

Thepurposeof this chapteiis to introducethereadetto anumberof importantconcepts
usedthroughouthereport.

2.1 Emulation

Thepurposeof emulationis to enablesomeonédo run applicationson anotherplatform
thanit wasinitially designedor. Theusemostcommonlyassociateavith emulationis
to make it possibleto play computergamesfrom gameconsole®n a standardlesktop
computer In anindustrialsetting,emulationmight be usedto testout an embedded
systemwithout runningit ontheactualhardware. This hasthe advantageof giving the
developerthepossibilityto stoptheemulationatary giventime andinspectthe current
systemstateat a low level, right down to the processostatusregisters. Anotherwell
known exampleof emulation,eventhoughit is usuallynot thoughtof assuch,is the
executionof Javaor .NET byte-code Javzaand.NET arebothbasedninstructionsets
thathave beendevelopedto be generaknoughthatthey caneasilybe emulatecbn ary
given system. This is whatis known asbyte-codeas opposedo binary codewhich
only runson the speci ¢ hardwareit wasintendedfor. The runtimesystememulates
thisinventedinstructionsetwhenexecutinga Java or .NET byte-codele.

The difference betweensimulating a systemand emulatingit 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
programimitating the Pacmanarcadehardware andrunningreal Pacman
ROM onit is an emulator A Pacmangamewritten for your computerbut
usinggraphicssimilar to thereal arcadeis a simulator’

ROM standsfor Read-OnlyMemory, and, in the caseof emulators,a ROM is
usuallya memorydumpof codethat hasbeenburntinto anintegratedcircuit during
manufcturing.Videogamessold on cartridgesarestoredthis way.

Four methodsof emulationareidenti ed by Sharp(2001). Theseare described
here dividedinto threegroups.

2.1.1 Interpretive

An interpretiveemulatorreadsoneinstructionatatime from thebinaryto beemulated
andtranslatest into somethinghatcanberun natively. Thisis the mostwidely used
techniquébecausét is themostsimplemethodto implement.However, it providesthe
slowestemulationspeed This is how Bochsworks (Lawton 2004).

2.1.2 Threadedcode

Insteadof interpretinginstructionsone by oneandcalling procedureso handleeach
instruction separatelya methodknown asthreadedcode canbe used. A block of

instructiongto be emulateds reconstructeih memoryby a block of functionpointers
to proceduresemulatingeachindividual instruction. Eachtranslatedblock may be
keptin a cache sothatthe secondime it is executedit doesnot have to betranslated
overagain. Sharp(2001)identi es oneproblemwhenusingthreadedcodein asystem
emulatorwhich is that thereis no cornvenientway to handleself-modifying code. If
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this casels to be handledanemulatorbasedon threadedtcodewould alsoneeda fall-
backto oneof the other methodspresentedhere. Threadedcodeis usedby QEMU
(Bellard2004).

2.1.3 Recompiling

Thereare two forms of recompilationused,oneis dynamicand the otheris static.
Dynamic recompilationis also referredto as just-in-time (JIT) compilation. It
recompilesthe instructionsof the emulatedsysteminto instructionsthat can be
executedby the native 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 executedand storesthe compiledblock
in memory Subsequentallsto analreadycompiledblock of codeusethe compiled
block from memoryinsteadof recompilingit again (Austin & Pawlan 1999).

Static recompilationworks like dynamicrecompilationbut insteadof doing the
compilationduring runtimethe binary to be emulateds corvertedonly once,before
beingexecuted Emulationof thiskind is usedby compilersthatgenerataative binary
codefrom Java byte-codefor instance.This techniquds lesscommonamongsystem
emulatorsas it would be a very complex operationto statically compile an entire
operatingsystemandthe applicationgo berunonit.

Java hasa standardfor how to openwindows and draw graphicsetc, as where
an entire hardware systemusuallyonly providesa low-level interfaceto the graphics
hardware and leaves the restto the operatingsystem. However, if the emulatoris
limited to running applicationsfrom just one operatingsystem,such as Microsoft
Windows, it would be possibleto use static recompilationprovided that calls to the
Windows API aretranslatednto callsfor thenative platform API.

Recompilationis the most complicatedmethod of emulationto implementas
it doesnot just require knowledge of the systemto be emulatedbut also in-depth
knowledge of the host system. The adwantageis that it can run emulatedbinaries
muchfasterthananinterpretie or threadedcodeemulatorwould. Virtual PCis using
dynamicrecompilation(Mirtual PC 2004).

2.2 Trampolines

Trampolinesare neededwhen compiling a block of code which is meantto be
executable. A small block of initialisation instructions,known as a prologue and
nalisation instructions known asan epilogue have to be addedto the block. There
areacoupleof thingsthatneedto be handledby thetrampolineandthey vary between
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 codeis to act as a kind of swap-spaceor local registers, for
instance,when using registersas temporaryvariables(Sanseri2000, Aho, Sethi&
Ullman 1986). The trampolinealsocontrolspassingdatato andfrom generatedode
blocksby functionargumentsandreturnvalues.

The nametrampolinecomesfrom the factthatit is usedasa kind of springboard
by the emulatorin orderto jump to a block of recompiledcode. This canbe done
in a numberof ways. Whenimplementingan emulatorin C, one corvenientway
of handlingit is to setup a function pointer and have it point to whatever block
that is to be executednext. By using a function pointer the C-compiler when
compilingtheemulatoywill addtheinstructionsnecessarfor storingandrestoringall
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registersduringa jump. If thisis not donethe emulatorwill mostlikely stopworking
when returningfrom the trampolinecall unlessthe trampolinehandlesthis as well
(Sanserk000,Sharp2001).

2.3 Addresstranslation

In moderncomputeisystemst is rareto nd asystemwhichonly runsoneprocessata
time. Usuallythe notionof severalprocessesunningsimultaneouslyxist, commonly
referredto asmultitasking When morethanone processs running, the questionof
securityarises. A buggyprocessnightunintentionallytry to accessegionsof memory
which doesnot belongto it, or a maliciousprocessmight try to modify the behaiour
of anothemprocessTo protectprocessefom eachothertheconcepbf virtual memory
wasinvented. Virtual memoryprovidesan abstractiorfor the processegxecutingon
the CPU (Tanenbaun2001).

Addresstranslationis the term usedto describethe methodof providing the link
betweenphysical andvirtual memory Thesememorytranslationsare carriedout by
thememorymanajemenunit, MMU, whichis usuallypartof theprocessoor provided
asaseparatdardwarecircuit in the system.

2.4 Runtime optimisations

One method for doing runtime optimisations, which is also used by standard
compilers,is peepholeoptimisation. Peepholeoptimisationprovide simple low-level
optimisationswhich are usually architecture-speci c.It is implementedasa sliding
window that analysessmall blocks of assembleiinstructionslooking for possible
modi cationsto optimisethe block.

Fischer & LeBlanc (1991) mentionselimination of multiplications by 1 and
additionsof 0, or replacinga sequencef instructionsby a single instruction with
the same effect as possible peepholeoptimisations. They state that a common
implementatiorof a peepholeoptimiseris carriedout by providing a hashedable of
commonpatternsandtheir respectie optimisations. Sincethe numberof patternsis
verylargeit is importantthatonly commonpatternsareidenti ed andstoredto reduce
the costin time of thealgorithm.

An interestingprojectis LLVM (2004),the Low Level Virtual Machine. LLVM
optimisesapplicationsduring compile-time, link-time, run-time, and in idle time
betweenruns. 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 (the GNU C-compiler)thatcangeneratenachine-coddasedon this
instructionset. This meansthat applicationsmust be speci cally compiledto use
LLVM andthey cannotberunstandalonelt is, however, possibleto recompileLLVM-
binariesinto native binaries.Lattner& Adve (2004)outlineshow this systemworks.

2.5 SIMD - Singlelnstruction, Multiple Data

SIMD is a methodusedto processmultiple data entriesin one operation. It is
commonlyusedto carry out simplearithmeticor logical operationn vectorsof data
points;suchasaddingfour oating pointvaluesto four other oating pointvalues(lA-
32 Intel Architecture Softwae Developers Manual 2001b). Multimedia applications
or scienti ¢ calculationsprovide the mostfrequentuseof thesekinds of instructions.
As good vectorisationof datarequiresgood planningand in-depthknowledgeto be
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implementednto software,it is only usedin a handfulof applicationsgventhoughit
canprovide a considerabléncreasan performance.

SIMD instructionswere rst usedin the 19705 in vector supercomputers.In
1994, Hewlett-Packard introduced SIMD to the general-purposé€CPU market by
implementingthe MAX instructionsetinto its PA-RISC processar Todayit is found
in processorsuchasthe MotorolaPowerPC,Intel IA32, andSunSparcto namea few
(EspasaVYalero& Smith1998,Wkipedia2004).
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3 Problemdescription

Theimportanceof beingableto ef ciently executebinarycodefrom otherarchitectures
is identi ed by Altman, Kaeli & Shefer (2000). They statethat animportantfactor
when introducing a new platform is to aid existing software developerson other
platformsto port their software to the new platform. Many developers nd this
taskdif cult andtime consuming.By providing emulation,existing software canbe
run without modi cation. This eliminatesthe fear of loosing an investmentfor the
developerif the platformfails asit will still berunningonits initial targetplatform.
Anotherimportantaspectof having an ef cient emulatoris becausef its usein
byte-codebasedsoftware platforms such as Java and .NET. Having a methodthat
can easily be re-adaptedo run different kinds of binary- or byte-codeef ciently
on differentarchitectureill male it easierto write ef cient emulatorsand virtual
machines(i.e., for Java). This, in turn, is valuableto researchergxperimenting
with this kind of technology for instancewhenworking on newv ways of optimising
existing binarytranslatorsThereasorbeingthatfocusis shiftedaway from theactual
implementatiorof the CPU-coreasit is generatedrom the scripts,andthereforeit is
easierto modify the entire systemby eitherchangingthe script or by modifying the
parsersothatit cangeneratehe codethatis neededsuchassymbolsfor adehugger

3.1 Aim and objectives

The aim of this paperis to evaluatea methodfor providing an ef cient and portable
emulatorfor binary codeby usinga setof scriptinglanguagesin orderto accomplish
thistask(i) the scriptinglanguageshatareusedto de ne how the sourcearchitecture
can be mappedto the target architectureare designed. This consistsof a source
de nition language,called Bricoleur, a virtual instruction set, Fana, and a target
de nition language. A basic emulatorarchitectureis de ned, which can be used
togetherwith the designedanguagesn orderto producea working CPU emulator
(ii) A simplelA32 emulatorfor PaverPCis developedusingthe scriptinglanguages,
anda smallsubsebf the proposedemulatorarchitecture(iii) The performancef this
emulatoris measuredaind comparedo other existing, emulatorsusinga benchmark
in an effort to shav that the systemproposedn this reportcan provide competitve
performanceDueto thelimitationsof thebenchmarlusedtheresultsmightnotre ect
the performancenf a completeemulator asonly the throughputof basicinstructionis
measuredAnotherlimitation of this systemis thatit doesnot handlevirtual memory
pagingof memory and memoryprotection. Thesefeaturesare requiredin orderto
emulatemodernprocessoraccurately

3.2 Requirements
List of thetwo mostimportantrequirementslongwith compliancecriteria.

1. CPU-coreperformance
The CPU-coreproducedfrom the output of the scripts must perform better
(executecodefaster)than a CPU-coreusing only an interpretize- or threaded
code-basedore. It is however not requiredto outperforma CPU-corewritten
totally from scratchthathasbeenhard-codedor onespeci ¢ sourceandtarget
platform.
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2. Expressienesof scriptinglanguages

The scriptinglanguagesnustbe expressie enoughsothatall sourceandtarget
architectureganbedescribedy them. Yet, they mustbe simpleenoughsothat
the amountof work requiredto write a scriptfor a sourceandtarget platform
doesnotexceedtheamountof work it would take to hard-codehe solutionfrom
scratchfor a speci ¢ sourceandtarget. This requirements dif cult to verify
without a completesystemimplementationandbecausef that,is not validated
in this report.

It mustbe possibleto mapevery sourceinstructionto a setof targetinstructions
without losing ary of the effectsthe sourceinstructionwould have if runonthe
native hardware. As is shavn in section6 this requiremenis not met by the
systemproposechere.
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4 Architecture

Proposedereis anarchitecturavhich intendsto reducethe compleity of creatinga
JIT-compilerfor emulatorsor virtual machines.Oneof the problemswhencreatinga
JIT-compileris thatthey aredif cult to portto otherplatformssincetheimplementation
dependn beingableto createbinary codefor thetamgetplatform. In orderto reduce
this problem, a virtual instructionsetarchitectures usedto separatehe sourceand
target codein a way that is platform independent. When creatinga dynamically
recompilingemulator largetablesof datawhich describesow to decodeandtranslate
binarycodehasto bewritten. Theseablesmake upthelargestportionof whatis known
asthe CPU translationcore, or CPU-corefor short. To avoid having to do repetitive
work whendesigningthesetables,scriptinglanguagesre de ned which are usedto
provide enoughinformationaboutthe sourceandtarget architecturehat a computer
programcangeneratehesetablesautomatically

In orderto achieve this, the systemproposedby this report consistsof a target
de nition languagevhichis usedto de ne how thetargetarchitecturdehaes,aswell
asasourcede nition languagewith the purposeof de ning theemulatedsystem.The
targetis thesystenfor whichthe CPU-coreshouldgeneratéinarycodeandthesource
systemis the onethatis to be emulated.Theideais to be ableto combinethe source
de nition of anarchitecturewith atargetde nition of anotherarchitecturen orderto
producethe CPU-corefor anemulator

The procesdescribeds notintendedto createa completeemulator only a CPU-
corewhich canthenbe usedto build anemulator Thereforethe systemasdescribed
hereis notdesignedo runasfastaspossible put ratherto presenamethodthatcanbe
adaptedy someonavhois familiar with the C programmindanguageandassembler
ProjectssuchasDAISY usecomple de nition languageshatarenotwell documented
publicly, andthereforerequirethe userto studythe projectsourcecodein orderto be
ableto useit.

Sharp(2001)lists the following advantagef usinganintermediatdanguageghe
refersto it asintermediatecode). Advantageghat do not apply to the designchosen
for this projecthave beenleft out.

« The native codegeneratorcan be re-tagetedto supportothertarget platforms
without affectingtheimplementatiorof the sourcearchitecture.

« Complec instructions that consists of multiple steps (or stages)can be
decomposethto a setof simpler virtual, instructions.

* It is easierto implementoptimisationshasedon the intermediatecodesinceit
breaksdown comple instructionsinto smallerunits andthereforecan provide
moremeta-datahantheoriginal instruction.

He alsomentionsthatdehuggingis easiemwhich alsoappliesfor this project,although
in a different sensesince he malkes the assumptiorthat the systemwill always use

IA32 asthetagetarchitecture Becausef theintermediatdanguagea delhuggerthat

is portableacrosssupportedtarget architecturesan be constructedsinceerrorscan

be mappedto the V-ISA, and are thereforenot dependenbn the target architecture
implementation.
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4.1 A basicJIT-basedemulator architecture

Thedesignproposedereis basedn thedesigngdescribedy Sharp(2001)andTraut
(1997).

A basicdynamicallycompiling emulatorconsistsof four components.The rst
componenin thepipelineis thedispatcherThepurposeof thedispattheristo dispatch
emulatorexecutionto the appropriatehandler Handlersmay include the instruction
decoder a trap or interrupt handler or an emulatorfor a speci ¢ hardware in the
emulatedsourcesystemotherthanthe CPU.

The seconccomponents the compilerwhichis calledby the dispatchewheneer
it reachesan executionpoint which hasnot yet beencompiled. The compilerparses
theblock of sourcebinary codethatis to be executedandcompilesit into targetbinary
code.Theprocessnvolvedin this stepis furtherelaboratedn in section4.2.

A translation cadhe is usedto store blocks after they have been compiled.
Succeedingalls madeto an alreadycompiledblock of codeare simply reroutedto
the translationcache therebybypassinghe compiler Eachblock carriesa counter
which is keepingtrack of the numberof calls madeto thatblock. Whenthe number
of callsexceedsa predeterminedhresholdan optimiseris invoked on the codewhich
will try to makeit runfaster Thereasorwhy notall codethatis compiledis optimised
is becaus®f the principle of locality, which stateshatonly about10% of the codeis
executedmorethanonce(Tanenbaun2001,Sharp2001).

The downsideto usinga translationcacheis thatif the applicationbeingexecuted
modi es its own code the emulatorhave to somehav detectthe modi cation and
invalidatethatblockin the cache Detectingmodi cations of alreadycompiledcodeis
acomple problemnot coveredin thisreport.

The last componentin this emulatorarchitectureis the optimiser The purpose
of the optimiseris to make decisionsbasedon predeterminedulesthat de ne how
target instructionscan be reorderedor prunedin orderto increaseexecutionspeed.
For instance,the IA32 only require one instructionto load a 32-bit value into a
register whereasthe PaverPCrequirestwo instructions. The compiler always tries
to nd the mostexact mappingbetweenthe sourceandtargetin orderto maintain
emulationprecisionandwill thereforeuse32-bitloadinstructionasvhenaerthesource
architectureloes.A simplepeepholeptimisercanbeconstructedhatreplaceshe 32-
bit loadinstructionson the PaverPCwith their 16-bit equivalents.

Figurelis anactvity diagramdepictingthe processeginningwith lookingup the
next addressn the programcounterandendingin executinga block of code.Only the
architecture-independepartsof thedispatchersvork areshawvn in this diagram.

4.2 Thetranslation process

Oneof thetasksthatis to be taken careof during translationis to extractinstruction
argumentdrom thesourcebinarycode.In thetranslatiortabledepictedn gure 2, the
typecalled“instruction.argument’speci esthekind of algumentandhow mary bitsit
consistf. Argumentsaredependentn the sourcearchitectureandarecreatedvhen
parsingaBricoleurscript,seesections.4. Onepre-de nedamgumentlassexists,thatis
the*ARG_IMMEDIATE” type,which indicateghatanimmediatedatavaluefollows.
Whentranslatinga block of binary codea decisionhasto be madeaboutwhento
stoptranslating. The constructedlock can not be too shortsincethenthe compiler
will have to be calledmore often andemulationmight be slow. The samething will
happenf the block is too long, sincetime alsoneedto be spentemulatingperipheral
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!

[Dispatcher]
Translate source instruction pointer)

to target platform memory address

[block is in cache] [else]

[Compiler]

Load source binary code
from memory and translate
to target binary code,
the result is stored in
the translation cache

&

[Translation cache]
Update execution counter

[execution counter > threshold] [else]

e

[Optimiser]
Invoke optimiser on
target binary code

[Dispatcher]
Execute code

Figurel: Activity diagramshaving the emulationprocesgelatedto the CPU-core. It
startswith thedispatchefetchingthe next addresso be executed.If theblock of code
locatedatthataddresfiasnotyetbeencompiledthecompileris invoked,otherwisethe
codeis loadedfrom thetranslationcache andexecuted.If the compilerwasinvokedit
will translatehe sourcenstructiongo native binary codeandstoreit in thetranslation
cache.If the codeblock hasbeenexecutedfrom the cachea certainamountof times
the optimiseris invoked on it. After the block of codeis readyto be executedthe
dispatchettransferscontrol to it, andwhenexecutionis donethe processs repeated
for thenext address. 11
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hardwarepresentn thesourcearchitecturesuchasagraphicscontroller network card
etc. The emulatedgraphicshardware,for instance hasto be processedt leastevery
framein orderto appeasmooth.

Cmelik & Keppel (1994) identies a number of breakpoints. These are
instructionghattransfercontroloutsidethe currentblock, softwaretraps,andmemory
synchronisationinstructions. Sharp (2001) mentionsthat a small forward branch
outsidethe currentblock might be part of a loop and thereforeshouldbe included
in thetranslatelock to avoid performancédoss. The breakconditionhasto be stored
andreturnedto the dispatchesothatit knows whatto do next. If thereis no olbvious
break-poinin thebinaryblockthatis beingtranslatedthe sizeof thetranslationcache
setsthe upperboundof how mary instructiongo translate.

4.2.1 Translation table

An importantcomponenin an emulatoris the CPU-core. The purposeof the CPU-
core is to decomposea block of binary codein the sourcearchitectures format,andto
emulatetheir functionalityasaccuratelyaspossible.

Oneway of implementinga CPU-corein a dynamicallyrecompilingsystemis to
provide atableindexed onthe sourceopcodeswhereeachentry holdstheinformation
necessann orderto emulatethatspeci c instructionon thetargetsystemsuchasthe
binary translationto the target platform andhow to readpossiblearguments.This is
known asatranslationtable. An exampleof atranslationtableis depictedn gure 2,
whichis thetablestructurethathave beendevisedfor theemulatorusedto evaluatethe
methoddescribedn thisreport.

Source opcodes Translation table  Target opcodes

0x55 (push reg)%
0x8b (mov reg, imm)%
0x83 (add reg, mem)_____;>
0xf7 (not reg) _—>

Z

0x31 (xor reg, imm)

>0x00 (stw reg, addr)
= 0x3d (i reg, imm)

(stw reg, imm)
0x7d (add reg, reg)

~~~~S>0x70 (andi reg, reg)

0x7c (cmplw reg)

0x6¢c (xoris reg, imm)

1111

table_entry
+mnemonic: string = xor
+num_args: int *
+instruction argument[]: args = | — = = = = instruction_argument
+assemble(cache:char *,...): char * +length: int

+type: enum
+data: union

Figure 2: Exampleof a translationfrom sourceto tamet instruction set using a
translationtable. Sourceopcodesare usedasthe primary key of tableentries. Each
entry holdsinformationaboutthe opcodesargumentsandhow to parsethem,aswell
asavirtual method(assemblejvhich, whencalled,will producethetargetopcodes.

Eachentryin the table storesinformationaboutthe instructionat thatentry, This

12
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includesa string containingthe nameof the sourceinstruction, which is useful for
dehuggingpurposesThenumberof agumentsandanarrayof “instruction aggument”
type storemeta-dataon the instructionarguments so thatthe emulatorknows how to
parsethesefrom the binary code. Every entry hasa virtual methodcalled“assemble
which is calledto emit the target platform instructionsusedto emulatethe speci ¢
instructions. This methodrequiresa pointerto the currentpositionin the instruction
cacheto whereit shouldwrite its data. Any parsedargumentsmustalso be sentto
assembleAn exampleof the assemblenethodfor the IA32 instruction“add register
immediate”canbe foundin section5.5. This processs detailedin section4.2, and
a sampleimplementationin C++ of the various data-typesneededto constructthe
translationtableis depictedn table3.

/* Argumenttype */

typedef enum amg_e f
ARG_NONE, /* No argument*/
ARG_IMMEDIATE, /* Immediatevalue */
ARG_EXTERN, /* External function call */

g amg-_t;

/* Argumentmeta-data*/
typedef struct inst.arg_s f
uint8_t len; /* Argumentsizein bits */ 10
amg-t type [* Argumenttype */
/* The Argumentdata */
union f
int32_t imm32
intl6_t imm16
int8_t imm§;

g9

[* If type== ARG.EXTERNusethe appropriate function */

union f
void  (*func8(int8_t); 20
void  (*funcl@(intl6_t);
void  (*func32(int32_t);

] g
g Instamg_t;

/* Translationtable entry type */
typedef struct entry_s f

const char *mnemonic /* Souce instruction mnemonic*/

uint8_t num.args /* Numberof arguments*/

inst.arg_t *args /* Array of pointers to argumentdata */ 30
g entry_t;

/* Translationtable type */
typedef map< uint32_t, entry_t *> ttable.t;

Figure3: Exampleof the data-typesequiredto construciatranslationtablein C++.
By placingthetableinto anarray sourceinstructionscanbeidenti ed in constant

time. Theintentionis to beableto constructblock of instructionghatcanbeexecuted
onthetametplatformasquickly aspossible.

13



5 CPU-COREGENERATION

5 CPU-core generation

In orderto male it easierto createa portableCPU-core,a scriptlanguagehasbeen
created. The languageis divided into three parts. Bricoleur is the languagewhose
purposaésto de ne how thesourcearchitectures designedEachinstructionde nedin
Bricoleurcontainsafunctionaldescriptiormadein thelanguagecalledFana. Thethird
partis thetargetmappinglanguagevhich mapsFanainstructiongo native instructions
of thetargetarchitecture.

The CPU-coreis constructedrom a Bricoleur scriptanda target mappingby the
procesresentedn gure 4.

Parse virtual
instruction definitions
(Fana) for each
opcode definition

Parse source Parse target architecture
definition (bricoleur) instruction map

Combine virtual instructions
with target instructions to
generate translation table

o

Figure 4: Activity diagramof the processby which a CPU-coreis generatedrom
a Bricoleur script and a target architecturenappingscript. Sourceandtarget scripts
canbe parsedndependentlyf eachotherafter which they arecombinedin orderto
produceatranslationtable,which canbe usedby anemulator

5.1 Microprocessorarchitecturetypes

While developing thesescriptinglanguagesoth CISC and RISC architecturesvere
evaluated. Eachinstructionon CISC architecturesonsistsof one or several byte
blocks that identify the instruction, followed by none or several byte blocks for

eachinstruction agument(SY6500/MCS650MicrocomputerFamily Programming
Manual1976,IA-32 Intel Architectue Softwae Developers Manual2001c, Wkipedia
2004). The binary valuethat makes up the instructionis knowvn asan opcode.RISC

architecture®n the otherhandhave a constantopcodesizeregardlessof the number
of agumentsnpormallyfour bytesin length. Theinstructionis identi ed by aconstant
numberof bits startingfrom the mostsigni cant bit of the instruction. Arguments
are placedin bit- elds that are encodednto the four byte opcode. For this reason

14



5.2 Virtual instructionsetarchitecture 5 CPU-COREGENERATION

it is not possibleto load immediate valuesthat are 32-bits or larger using only
one instruction, which is possibleon CISC architecture{MIPS32 Architectuie For
Programmes 2003, ProgrammingEnvironmentsManual for 32-Bit Implementations
of the PowerPCArchitectuie 2001, Wkipedia2004).

5.2 Virtual instruction setarchitecture

A virtual instructionsetarchitecture, or V-ISA de nes a setof low-level instructions
that are not usedby ary existing hardware design. Theseinstructionsare typically
similar to the assemblemstructionsfound in todaysmicroprocessorsBoth Java and
Microsoft's .NET de ne their own V-ISAs and when an applicationis compiledfor
one of thesesystemst is translatednto the machinecodethat the respectie V-ISA
hasde ned (Adve, Lattner Brukman,Shukla& Gaele 2003).

The low level virtual machineproject, LLVM, hasde ned a V-ISA called LLVA
(Lattner2004).Thepurposeof LLVM isto provideanarchitecturespeci cally designed
for optimisation.LLVM is acompilerframenork thatcompilehigh-level languageto
LLVA instructions. LLVA is designedwith the intention of being executableon ary
modernarchitectureandit hasbeentestedon Intel IA32 andSunSparc. The project
hasalsotakeninto accountthe dif culties of handlingexceptionsandself-modifying
codeandhasdrawn from the experienceaccumulatedy otherprojectsconductedn
thearea(Lattner& Adve 2004,Adve etal. 2003).

Herewe useasubsebf theinstructionsetde ned by LLVA asthegluebetweerthe
sourceandtarget de nitions. This works asan abstractionayerin orderto increase
portability by reducingthe numberof mappingghathave to bewritten. If anew tamget
platformis to be added,the developerwould only have to createmappingsbetween
the target platform's instruction set and the virtual instruction set, otherwiseevery
instructionof every sourcede nition would have to modi ed to accommodatéhe nen
platform. This reduceghe numberof requiredmappingfromna(nj 1) to 2n (where
n equalshe numberof targetplatforms).

The downsideto using an architecturallyimpartial virtual instructionsetis that
it doesnot accommodatdor making optimisationsto the target code basedon the
sourcearchitecture. Finding a close mappingfrom the sourceto target architecture
instructionsetfor complec instructionsbecomemore dif cult. For instance,when
SIMD instructionsare broken into virtual instructionsthat do not contain vector
instructiongt is dif cult to mapthesebackinto vectorinstructionsonthetargetside.

5.3 Fana- avirtual instruction set

The Su s call this state fana, the annihilation of the individual
selfhood. In fana the characteristicsof thelittle selfdissolveso that the
big Selfcanshowthrough.

- Nachmanaitch (1990,p. 52)

Fana is a a virtual instruction set createdas part of this project. It actsasan
intermediatecode to make it easierto add new target architecturedo the system
by specifyinga commoninterface betweenthe sourceand target de nitions. Fama
is a strippeddown versionof LLVA (seesection5.2). SincelLLVA is designedto
be generatedoy compiling high-level languagedike C and C++ it containssome
constructgsthat are not usefulwhen generatingcode from binary machinelanguage.
Oneexampleis the“vaag” instructionwhich is usedfor handlingvariadicprocedure

15
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arguments. LLVA is designedto be easyto optimise and thereforemakes a good
candidateasa V-ISA for this project. SinceLLVA have all the necessaryunctions,
have beentestedon both CISC and RISC architectures,and is similar to 1A32
instructionswhich is the most widely useddesktoparchitectureat this time, and
is thereforeeasyto learn for the majority of computerprogrammerspther virtual
instructionsetshave not beenevaluatedfor this system.

Farais a RISC-like languagéhasedn a smallsetof instructions.The contet-free
grammairfor Fana canbefoundin sectionA.1. Anotheroptionwould have beento use
aCISC-likelanguagdérasednalargenumberof instructions.Theadwantageof having
alarge numberof instructionsis thatcomplex instructions suchasthe FCOS(cosine)
instructionon IA32, areeasierto mapbetweerthe sourceandtargetif they bothhave
a compatibleimplementation. On the negative sideis the fact that it is dif cult to
prede newhatinstructionsto includein thelanguage Onesolutionwould beto allow
arbitrary introductionof new instructionsbut this methodwould malke it dif cult to
constructa goodoptimiser Leone& Lee(1994)is usinginstructionblock templates
to speedup codegeneratiorin their project. Templatescould be introducedinto Fana
aswell to de ne comple instructionsandat the sametime allow thetargetde nition
to provide a directmappingfrom atemplateto a singlenative instructionthatproduce
thesamestate if oneexists.

5.3.1 Description

The type speci ers available in Fara are de ned by the Bricoleur script to which
the currentscript belong. Thereare however threeprede nedtypesthat are always
available. They are, oat, which is a 32-bit oating point type, double,which is a
64-bit oating pointtype,andlabelwhich is usedto setalabelat the destinatiorof a
branchinstruction.

Instructionsarecarriedout from right to left, which meanghatwhenaninstruction
hasatargetargumentt is alwaystheonefurthestto theleft. For instance;'storeuint32
* registerreg3, reg5” would storethe contentsof reg5 atthe memorylocationstoredin
reg3. The rst agumentof the storeinstructionmustbe of pointertype. “sub uint32
reg0, regl,reg2” shouldbereadasreg0 = reglj reg2.

“shl” and“shr” shiftsthe secondargumentthe numberof bits speci ed by thethird
argumenteitherleft or right, zerosare placedin the new positions. “rol” and“ror”
workslik e shlandshrexceptthatthe bits arewrappedandno zerosareadded.

Branchoperationsareeitherrelative or absolute . An absolutebranchis of pointer
type and cannotbe negative, unlike the relative branch. “goto” is an unconditional
branchwhich is always carried out, but there are also a number of conditional
branchesA conditionalbranchis dependentn the conditional ags setautomatically
by a previously executedinstructionor by implicitly using“cmp” beforethe branch
instruction. “gotolt” branchesf the rst argumentof the comparisoris lessthanthe
second,‘gotolte” on lessthanor equal,“gotoeq” on equal,“gotogte” on greaterthan
or equal,and“gotogt” on greatetthan.

It is possibleto declaretemporaryvariablesin a block of Fana if thatis necessary
to expressthe sourcearchitecturenstruction. Temporaryariablesshouldbe declared
aslate aspossibleto make it easierfor a dynamicregisterallocatorto decidewhen
to swap a registerto the stack(if it hasto). Temporariesaretranslatednto calls to
theregisterallocationsystemandthereforethey arenot mappedy thetargetmapping
languagdo ary targetspeci ¢ declarations.
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Exampleof aloop thatiterates100times,written in Fana:

f* Store the value 100 in rl ¥
mov sint32  gpu.rl,  100;

f* Set a branch label *

label loop;

f* Subtract 1 from r1 *

sub sint32 gpu.rl, gpurl, 1,
[* Compare r1 to 0 *

cmp gpu.rl, O;

f* If comparison resulted in rl being greater than O,
* pranch to label loop *
gotogt label loop;

5.4 Bricoleur - the sourcede nition language

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

Bricoleuris the sourcearchitecturede nition language.The purposeof Bricoleur
is to describethe sourceCPU-architectureso that a CPU-corecan be automatically
generatedn C-codeby combiningthe Bricoleur de nition with a tamget de nition.
Theonly thingsthe developerhasto manuallyaddarehandlerdor softwareinterrupts
andmemorymanagementn casethesystenrequiresmorethanlinearmemoryaccess.
The contet-freegrammarcanbefoundin sectionA.2.

5.4.1 Details

A Bricoleur script can consistof up to four different sections. The rst section
is the “ags” sectionwhere CPU- ags are de ned. After that follows the “types”
sectionwherenew type-speci erscanbede ned. All registersavailablein the source
architectureare de ned in the “registers” section. The fourth and last sectionis the
“opcodes”sectionwhereinstructionsare de ned. The contentsof eachsectionare
enclosedy bracedike in the C programmindanguagg“f”, “g").

The“ ags” sectioncontainsa list of identi ers which represent 1-bit ag, such
asanarithmeticover ow. Each ag is separatedy a semicolon.Flagscanbe usedby
instructionsto register certainconditionsor to carry out conditionaloperations.The
ag sectionhasto bede ned rst in abricoleurscript.

The“types” sectionhasto comebeforethe opcodede nitions sothattype-names
canbe evaluatedby the parser A new typeis de ned by rst giving it anidenti er
followed by the sizein bits and an optional “signed” keyword, which indicatesthat
thetypeis signedinsteadof unsignedthe default). Every new type declaratiormust
end with a semicolon. Typesthat are declaredin this sectioncan only be usedto
describentegervalues.For thatreasorthe prede nedtypes” oat” and“double” exist,
oat is a32-bit oating pointvalue,anddoubleis a 64-bit oating pointvalue(which
correspondso the oat anddoublein Fama). In orderto be ableto handlecomple
argumenttypesthat cannotbe de ned using bricoleut suchasthe 1IA32 ModR/M
argument(seesectionC.1.1),it is alsopossibleto call an external C-function. These
kinds of agumenttypesare de ned by usingthe keyword “extern” followed by the
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nameof the externalfunctionandargumenttype. The argumentis extractedfrom the
binarydataandpassedo thespeci edfunctionasa singleargument.

After thetypespeci ertheregistersavailableonthe sourceplatformarede nedin
the“registers”section.First of all agroup-nameénhasto be de ned afterwhich ablock
encloseddy bracescontainsthe registerde nitions. A registeris de ned by entering
its namefollowedby atypespeci er. If theregistercanbedividedinto subregistersit
is possibleto starta new block with bracesandde ne ary subregisters,anexampleof
thisis availablein sectionB.1. Everyregisterde nition hasto beendedoy asemicolon.
Ragistersarereferenceditherby their groupnameor by “< group> .< register ".

The nal and required section is the “opcodes” section where the source
architecturdnstructionsarede ned. A new instructionis de ned by simply entering
the nameof the instructionfollowed by a new section. Within this sectioneachnewv
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 opcodehasamumentsthe de nition is followed by yet anothersection
whereeachargumenttype is de ned using either a type speci er or anotherranged
constant. If an amgumentis not parsedfrom the binary codeit is prependedy the
keyword “implied”. An example of an implied agumentcan be found in section
B.1. Eachopcodede nition insideaninstructionsectionmusthave the samenumber
of amguments. If different versionsof the sameopcodeexist that have a different
numberof argumentsa new instructionblock mustbe createdthereforeit is possible
to have multiple instructionblocksthat areidenti ed by the sameinstructionname.
The opcodede nitions arefollowed by an optional ags de nition which is a list of

ags which aremodi ed by the operation.An appropriatanethodto properlyhandle
condition- ags have not beenfound, and consequentlyit is currently not possibleto
emulatecodewhich containsinstructionswhich dependon condition- ags. The nal
sectionis the “func”-block which is a list of Farna instructionsthat de ne how the
instructionis to be emulated. Argumentsare accessibleas “%< number ", where
<numbeP is the positionof theamgumentin thede nition list, startingwith 1.

The languagepermitsde ning the sameinstructionmultiple times. The reason
behindthis designis that thereexists architecturesvhich allow the sameinstruction
to have a differentnumberof agumentsdependingon whatthe programmemant to
achieve. The Farma de nition dependsn the factthatevery opcodede nition within
thatinstruction-blockhave the samenumberof aguments For this reasorit would not
be possibleto de ne all versionsof aninstructionwhich allows a varying numberof
argumentsnsideoneinstructionde nition.

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

types {
uint8 8; [* unsigned 8-bit type */
}
registers  {
gpu {
[* registers A and B are of uint8 type *
A uintg;
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 Ox1 { 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,
Y
}
}

5.5 Targetmapping

Thetargetmappingfrom Farais constructedisingade nition languagehatresembles
Bricoleurbut whichis muchsimplerin design.SectionA.3 holdsthe context-sensitve
grammauof thetagetmappinganguageTypesandregistersarede ned thesameway
asin Bricoleur (seesection5.4), but thereareno global“ ags” or “opcodes’sections.
Thetargetmappingcontainsanew sectioncalled“translators*whereFamainstructions
aremappedo smallsectionf codethattranslateheminto native binarycode.

5.5.1 Usage

In the“translators”sectioninstructionsarede ned by startinga new sectionidenti ed
by the Fara instruction name. The instruction section containsa nestedlist of
instructionargumentsfollowed by a codeblock. The code-blockshouldcontainC-
codewhich generatghe necessaryarget binary codeto emulatethe instruction. The
instructionpointeris accesseds“p” andamgumentsareaccessethe sameway asin
Fara, using%< numbepr . Eachblock is thentranslatednto C-functionswhich are
called by the emulators compilerto generatehe target binary codeto emulateeach
instruction. An exampleof sucha C-functioncanbe foundin gure 5. Eachcode
block can containan optional ags sectionwhich de ne which ags are modi ed.
These ags mustconformto the namingschemede ned by the sourcearchitecture
bricoleurscript.

Exampleof whatthe translationmappingfor theresultpresentedn gure 5 looks
like (GENOP3andEMIT32 arespeci c to PoverPCcodegeneratiorandareexplained
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, (intl6_t) (%2 >> 16)));
EMIT32(p, GENOP3(ADDI, %1, %1, (intl6_t)  (imm & Oxffff));

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, GENOPZIADDIS, reg, reg, (intl6_t) (imm >> 16)));
/* add the lower 16 bits of the immediatevalue to reg */
EMIT32(p, GENOPIADDI, reg, reg, (intl6_t) (imm & O0xffff)));

[x*

* Setthe AF, SF and PF ags, the remaining a gs can be

* mappedto existing PowerPC ags set by addis/addi.

* 10
p = emitmov_r_i32(p, gpr-r1l, imm);

p = emitsetaf(p, reg, gpr-rll);

p = emit.setsf(p, reg, 32);

p = emitsetpf(p, reg);

/* Returnthe next available addressin the code block */
return p;

Figure5: The assemblenethodof the IA32 instruction“add register immediate”for
PowerPC. The 32-bit immediatevalue hasto be broken into two 16-bit partssince
RISCarchitectureslo not support32-bitimmediatevalues.The handlingof 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 instructionthroughputasit is a
mathematicafunction that doesnot requireto storeor retrieve informationfrom an
externalsource,andthereforewill not usefunctionality thatis currentlyunsupported
suchasmemorymanagementThis sectionwill alsoshav why thesecondequirement
is not metby the systempublishedn thisreport.

6.1 Performancebenchmark

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

C-codeof algorithm:

for (i =3; i < 10000; i++) {

prime = 1,
for G =2, ) <i j+y) {
it (0 %))
prime = 0;

}

When compiled with GCC, optimisedfor minimum size (to make it easierto
implementthe emulatorasit doesnot require supportfor as mary instructions),it
translatesnto the instructionsdescribedn table 1. Coderelatedto condition ags is
listedin table2. Onthe PaverPC,registerr20 is statically mappedto EAX on the
IA32, r22 to EDX, r24 to ESR andr25 to EBR. Branchesin the PoverPCcodeare
relative, but in the IA32 codethe absoluteaddresshasbeenusedin this exampleto
male it easierto seewhatthedestinatiorof thejumpis.
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6 RESULTS & ANALYSIS

Table 1: 1A32 to
benchmark

Farma to PowerPC instruction mapping for the

Address

IA32

Fana

PowerPC

0Ox1

mov edx,0x3

mov sint32registergpu.edx,0x3

lis r22,0x0
orir22,r22,0x3

0x6

mov ebp,esp

mov sint32registergpu.ebpregister

gpu.esp

orr25,r24,r24

0x8

mov eax,0x2

mov sint32registergpu.eax0x2

lis r20,0x0
orir20,r20,0x2

Oxd

cmpeax,edx

cmpgpu.eaxgpu.edx

subfco.r22,r20
Testandsetparity ag
Testandsetadjust ag
Testandsetsign ag

Oxf

jge Ox16

gotogteOx16

bgel2

0x11

inc eax

addsint32gpu.eaxgpu.eax,l

lirll,1
addco.r20,r20,r11
Testandsetparity ag
Testandsetadjustag
Testandsetsign ag

0x12

cmpeax,edx

cmpgpu.eaxgpu.edx

subfco.r22,r20
Testandsetparity ag
Testandsetadjustag
Testandsetsign ag

0x14

jl Ox11

gotoltOx11

blt -12

0x16

inc edx

addsint32gpu.edxgpu.edx,1

lirll,1
addco.r22,r22,r11
Testandsetparity ag
Testandsetadjustag
Testandsetsign ag

0x17

cmpedx,0x270f

cmpedx,0x270f

lisrll,0x0
orirll,rll,0x270f
subfco.rll,r22
Testandsetparity ag
Testandsetadjust ag
Testandsetsign ag

Ox1d

jle Ox8

gotolte0x8

ble-48
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Table 2: PaverPCfunctionsthat testand setvariousbits in the IA32
EFLAGS register, theresultis storedin r19. x86_pf_tableis an external
tableof constants.

Function PowerPC Instructions
Testandsetparity ag | li r11, 0xff
andrl2, < destinatiorregister , r11
li r11,<x86_pf_table>
Ibzrll,< destinatiorregister, r1l
crorcrl,crO,cr0
cmpwrll, 0
beql2
orirl9,r19,0x4
b12
lis r11, Oxfffffffb
andr19,r19,r11
crorcrO,crl,crl
Testandsetadjustag | xorrll,<destinatiorregister , < sourceregister
li r12,0x10
crorcrl,crO,crO
cmpwrl2,0
beql2
orir19,r19,0x10
b12
lis r11, Oxffffffef
andr19,r19,r11
crorcrO,crl,crl
Testandsetsign ag lirll,8
sub crll,rll,<bitlengtt>
negrll,ril
sraw r11, < destinatiorregister, r11
li r12,0x80
crorcrl,cr0,cr0
cmpwrl2,0
beql2
orirl19,r19,0x80
b12
lis r11, Oxffffff7f
andr19,r19,r11
crorcrO,crl,crl

The algorithm hasbeenplacedinside a loop on the IA32 which executesit 100
times. On a Pentium3/933MHzthe algorithmexecutesn about28.0secondslin the
emulatorthe native codeis constructedy parsingthe source(IA32) binary codeafter
whichit is executedonce.This processs repeate®0times,andevery tenthtime (plus
the rst run) it is executedtwice insteadof once,achieving a total of 100 runs. This
designis usedto compensatéor the principle of locality (seesection4.1). Theresult
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from runningthe teston a 1GHz PaverPC7447 (alsoknown asa G4) is about14.5
secondof total durationof execution. The generated®onverPC-instructiongre not
optimisedin any way.

Applying asimplepeephole-optimisatioto thecodewhichreplaces32-bitregister
loadoperationavith 16-bitloadsresultedn afour secondeductionin executionspeed
on the PaverPC.When further optimisingthe codeby remaving unnecessarPU-

ags it runsmorethantwice asfast. Both theseoptimisationswere mademanually
sinceanautomaticoptimiserhave notbeenimplemented.

Using QEMU, whichis anemulatorusingthreadedtode(seesection2.1.2),onthe
samePowverPCasmentionedabore, the durationof executionis approximatelyl 62.0
seconds.While on Bochs,which is an emulatorusingan interpretve CPU-core(see
section2.1.1),theresultis 2880.0seconds.

The resultspresentedn table 3 shav thatthe systempresentedn this reportcan
competewith existing opensourceemulators A morecomplex benchmaricontaining
more complicatedinstructionswould probably resultin bettertest accurag. The
amountof coderequiredto emulateeachinstruction should be relatve amongthe
differentemulatorssincethey shouldall presenthe sameresultafterexecution,soit is
likely thattheresultof suchabenchmarkwill notbeall thatdifferent.If thebenchmark
wascarriedoutonacompletesystememulatorthatis ableto handlememoryprotection
andSIMD instructiongheresultswould lik ely bedifferent,but thosekind of functions
arenot handledby the systempresentedh thisreport.

Thesecondesultpresentedh table3, labelled“Bricoleur andFama”, is amodi ed
versionof the auto-generatedodethat containsinstructionsfor testingandupdating
sourcearchitecturecondition ags. Thecurrentimplementatiordoesnot fully support
handlingcondition ags butthebenchmarkvould notcomparewell to existing systems
thathandletheseags. Sinceanoptimiserwould beableto remove these ags, asthey
arenot usedby the codein the benchmarkthe resultsof runningthe systemwithout
the ags is alsopresented.

It is shavn by the resultsthat pure instructionexecutionis several times faster
comparedo theexisting, benchmarkd, softwaresolutionsin this simplecase Further
testingof amorecompleteemulator usinga morecomplex algorithmasabenchmark,
is necessann orderto establishthatthis systemperformsbetterthanotheremulators
in thegenerakase.

Table 3: Resultsof execution timing by running the benchmarkin
differentervironments.In all casesgexceptthe native run, the emulator
was executedon a 1GHz PoverPC7447. The Unix command-‘time”
wasusedto measurehedurationof execution.

Environment Duration (s)
Pentium3/933MHz(Native) 21.6
PowverPC7447/1GHzNative) | 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 Expressvenesf scripting languages

As statedin section3.2 the scriptinglanguagesnustbe expressie enoughsothatall
sourceandtargetarchitectureganbe described Severalinstructionshave beentested
throughoutthe durationof this projectandonelA32 instructionhave beenidenti ed
which cannot be implementedby using Fana, and thereforethis requiremenis not
metby the systemproposechere. Theinstructionthatbreaksthe requirements “rep”
which is usedto repeata speci ed instructiona speci c amountof times. Using the
implementationof Bricoleur and Fara as describedhere doesnot allow branching
betweendifferentinstructionde nitions, only insidea Fara block, andit is therefore
not possibleto properlyde ne thesekind of instructions.
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7 Relatedwork

Two projectsthat use similar methodsto the one describedn this reporthave been
identi ed duringthisundertakingThe rst is Syn68kby ARDI whichis acommercial
project.Not muchis known abouttheinternalsof Syn68kexceptthe detailspublished
by Hostetter(1995). The projectusesa Lisp-like de nition languageand supports
generatingeitheradynamicallyrecompilingCPU-corefor IA32 or aninterpretize core
for otherarchitectures.Bricoleur is using a C-like syntaxsince C is more popular
than Lisp amongprogramminglanguagesand the intentionis to make this system
accessibleo as mary usersas possible(BV 2004). Syn68khave beenusedin the
creationof their Macintoshemulator Executor

The secondprojectis DAISY by IBM (Ebcioglu & Altman 1996). The main
purposeof DAISY is to developabinarytranslatothatcanrun codeon VLIW -capable
processors. It is also possibleto attacha secondback-endthat translatesvVLIW -
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
presentedn this reportsincethe translationfrom VLIW to native codeis performed
real-time,whereadranslationfrom Fanato native codeis performedoff-line.
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8 Conclusion

In this sectionthe conclusionsdravn from the experiencegained throughoutthe
durationof this projectwill bepresented.

8.1 Summary

Systememulationhave severalusesbothin commercialandnon-commerciasettings.
A systememulatorcan be usedto be able to run older software when making a
transitionto a newer systenthatisn't backwardscompatible Anotheruseis to beable
to run softwarethatonly existsfor anothemplatformthanthe onecurrentlybeingused,
for example , Windows applicationson GNU/Linux. However, building afastemulator
canbeadauntingprocesghatinvolvesmary repetitve taskswhich canresultin atime
consumingandcostly ventureto take on.

In orderto remedythis problema systemusingthreescriptinglanguagesthatcan
be parsedby a computerprogramin orderto generatdarger portionsof codethat
otherwisenvould haveto bemanuallycreatedarepresente@ndevaluatedn thisreport.
Theseare

1. Bricoleur, whichis usedto describehesourcearchitectureBricoleurhave been
developedfrom scratchduringthis project.

2. Fana, whichis avirtual instruction-searchitecturghatdescribehow to translate
sourceinstructions.Famais basedon the LLVA V-ISA presentedy Adve et al.
(2003),but with somemaodi cationsto adaptit to this system.

3. A targetmappindanguagehatmapsFanainstructiongo codegeneratoror the
targetplatform. It resembleBricoleurandhave beendevelopedfrom scratchas
well.

Parts of the systemhave beenimplementedin order to testit using a simple
benchmarkTheimplementations notpresentedh thisreportasit is notrelevantto the
systemthatis describedThe scriptinglanguage®nly provide a partial solutionto the
problemas somepartssuchascondition ags and memorymanagemenis not fully
coveredby the solution. The benchmarkhasbeenmodi ed to take theselimitations
into accountn orderto maintaincomparabilityto otheremulators.

As shawvn by thebenchmarlkhis systermprovide betterresultsvhenemulatingparts
of anlA32 microprocessoon a PoverPCcomparedo existing opensourceemulators.
However, in orderto shaw thatit performsbetterin all contexts a systenthatprovides
amorecompleteemulatomwill have to beimplementedsothatanalgorithmof ahigher
compl«ity canbeevaluated.Undertheconditionsusedherethesystenful Is the rst
requirementistedin section3.2.

Thesecondequirementhathave beende nedis thatit shouldbepossibleo de ne
all kindsof sourceandtamgetarchitecturesisingthescriptinglanguagegpresentedhere.
Section6 shav thatthis requirements not met sincesourceinstructionsthat have to
male branche®sutsidetheirlocal Fanade nition cannotbede ned usingthescripting
languagesle ned in thisreport.

8.2 Futurework

Topicsthatprovideinterestingesearclareagelatecto thework presenteéh thisreport
is describedn this section.
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8.2.1 Flags

Condition ags are not handledat all by the currentimplementation. A possible
implementationwould be to add blocks of Fana to the ags-sectionof Bricoleur in
orderto de ne haw each ag is set.

Oneway it couldbehandleds to in-line thecodeto updatethe ag registersin the
Fara de nition for eachsourceinstruction. As shavn in section6 alot canbe gained
by having an optimiserremore unnecessaryags andthereforeit mustbe possibleto
give hintsto the optimisersothatit 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 longertime to optimise
andexecuteit thanto run it unoptimisedhe hot-spotoptimisercandecidewhatlevel
of optimisationto apply basedon the numberof timesit hasbeenaccessedy the
emulatedsystem.

8.2.3 Persistenttranslation cache

Blocks of codethatareaccessedften canuseits accessounterasa sort of priority

measuremernh orderto keepa smallcacheof translatecandoptimisedcodeon stable
storage. That way blocks that are often accessednd have beenhighly optimised
survive betweeremulationruns.

8.2.4 Support for de ning memory management

Since memory managements part of mary CPUs (see section2.3) it would be
bene cial if it could be de ned in the scriptinglanguageaswell sinceit might need
accesdo certainCPUregistersandstatechanges.

8.2.5 Catching commonsystemcalls

Somecommonsystemcalls, suchas the onesfound in the standardC library (i.e.,

memcyy, strcpy etc),could be caughtby the emulatorandexecutedusingnative code.
As someof theseoperationgendto be heasily optimisedin modernoperatingsystems
it would run fasterusingthe native coderatherthanusingtranslatedcode.

8.2.6 Self-modifying code

Thesystenproposedn this paperdoesnothandleself-modifyingcode(SMC).Klaiber
(2000)talks aboutthe systemusedin the Crusoemicroprocessoto 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 future executionsof the codeblock, notto the current
execution.Neitherof thesesolutionswill work in anemulator

8.2.7 Fanatemplates

Introducesupportfor templatesnto Fana asdescribedn section5.3. Templateswill
male it easierto supporta closermappingof complex instructions,suchas vector
instructionspetweerthe sourceandtargetsystem.
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A Context-freegrammars in Backus-Naurform
A.l Fana

Famis avirtual instruction-setrchitecture.

hfana! “f' hinstructionlisti "g'

hinstructionlisti!  hinstruction ;'
j hinstructionlisti hinstruction ;'

hinstruction!  hdeclaration
j nop
j hsetclri
j hdoubla
j htripleti
j hcompare
j hbranch

hagument!  hregister
jhagi
j htypespeci erni hvariabla
j hconstanit

hnop! “nop'

hsetciri! “set'hagi
j clrf hagi

hdoublé! hdoubleops htypespeci eri hagument ;' hargument
htripleti!  htriplet opd htypespeci eri hagument °,' haigument °,' hagument

hdoubleops! “load'

j “store'

j “mov'
htriplet ops!  harithmetid

j hbitwisei
harithmeti@! “add'

j “sub'

j ‘mul’

j div'

j ‘rem'
hbitwise! “and'
j or
j “xor'
j “shl’
j “shr'
j rol
j ror'

hcompard “cmp' hargument °, hagument

hbranch! hbranchopi htypespeci en hregistei
j hbranchopi htypespeci en hvariabla



A.2 Bricoleur A CONTEXTFREEGRAMMARS IN BACKUS-NAUR FORM

j hbranchopi “label' hidenti eri

hbranchopi! “goto’
j “gotolt’
j “gotolte'
j “gotoeq’
j “gotogte'
j “gotogt’

htypespeci eri!  hidenti eri [ hpointer ]
hdeclaratioi  hidenti eri hidenti eri
hvariabla! %'

hregister!  “register' hidenti eri

hagi! ~ag' hdentieri

hpointei! "=
hconstarit  hinti
j hhexi
j hocti

hidenti eri!  Hhetter j hetter hdigiti

A.2 Bricoleur

Bricoleuris the sourcearchitecturede nition language.

hbricoleuf! [ htypede nitionsi | hopcodede nitionsi
htypede nitionsi! “types' ‘f' [ htypede nition listi | °¢'
hopcodede nitionsi! “opcodes"f' hopcodedisti "¢’
hfuncblocki! “func' hfarai ;'

hinstructionblocki! hoplisti [ hags listi ]| hfunc blocki
hop blocki' “f' [ hagumentlisti ] ¢’

hagumentiisti!  hargument

j hagumentlisti °,' hargument
hags listi! "~ ags' f' [ hdentier listi ] g ;'
hidenti er listi!  hidenti eri

j hidenti er listi °,' hidenti eri
hoplisti!  hop de nitioni

j hoplisti hop de nitioni

hopcodedisti! hinstructionde nitioni
j hopcodedisti hinstructionde nitioni

htypede nition listi! htypede nitioni
j htypede nition listi htypede nitioni

htypede nitioni!  hidenti eri hconstanit [ “signed'] °;'
hop de nitioni! “op' hconstanit [ hop blocki ] ;'



A.3 Tamgetmappg CONTEXTFREEGRAMMARS IN BACKUS-NAUR FORM

hinstructionde nitioni!  hidenti eri “f' hinstructionblocki "¢’
hagument! [ “implied' ] hagumenttypei

hagumenttypa! hregistef
jhagi
j htype speci eri
j hconstanit

htypespeci eri! hidenti eri [ pointer]
hregister!  “register' hidenti eri
hagi! ~ag' hidentieri

hpointei! "o
hconstanit  hinti
j hhexi
j hocti

j *( hconstanit ", hconstanit ™)'
hidenti eri!  hetter j hetter hdigiti

A.3 Targetmapping

Thetargetmappingis usedto de ne how Fanainstructionsmapto instructionshatcan
be executednatively onthetargetarchitecture.

hvariabla! %' hdigiti
hpointei! "o
htypespeci eri! (" oat' | “double'j hidenti eri ) [ hpointer |
hagument!  “register' hidenti eri [ ".' hidenti eri ]
j “ag' [hdentieri ]
j htype speci eri
hcodede nitioni! [ hags de nitioni ] hC sourcecodewith in-linedhvariablea si
hags de nitioni! " ags' “f' hidenti er listi °g' *;'

htypede nition listi!  hidenti eri hconstaninti [ “signed'] ;'
j [ htypede nition listi ]
hregisterde nition listi!  hidenti eri htypespeci en [ “f' [ hregisterde nition listi ]
g1
j [ hregisterde nition listi ]

hinstructionde nition listi'  hinstructionde nitioni
j hinstructionde nition listi

hregisterde nition groug! hidenti eri “f' hregisterde nition listi g’
j [ hregisterde nition group ]

htypede nitionsi! “types'f' [ htypede nition listi ] °g'
hregisterde nitionsi!  “registers'*f' [ hregisterde nition groug ] °g'

hinstruction de nitioni!  hagument “f' ( hinstruction de nition listi j hcode
de nitioni ) °g'



A.3 Tamgetmappg CONTEXTFREEGRAMMARS IN BACKUS-NAUR FORM

hinstruction!  hidenti eri “f' hinstructionde nitioni "¢
hranslatodisti!  hinstruction

j htranslatotisti
htranslatorg  “types' 'f' [ htypede nition listi | °g'

j “registers' 'f' [ hregisterde nition groug ] °dg' | “translators' “f'
htranslatodisti “g'



B SCRIPTS

B Scripts
This sectioncontainsseveral BricoleurandFana samplescripts.
B.1 Example of Bricoleur scripts

Exampleof Bricoleurcodeemulatingpartsof a Motorola6502microprocessor:

[* These are the available flags for M6502 */

flags {
C; I* Cary *
Z, [* Zero *
l; /* Interrupt Disable */
D; /* Decimal Mode *
B; /* Break Command *
V; [* Overflow *
N; /* Negative *

}

[* These are types we will be using *
types {
uint8 8, I* unsigned 8-bit type */
uintl6  16; /* unsigned 16-bit type */

}
[* The registers available  in the M6502 */
registers  {
[* General purpose registers (integer) */
gpu {
A uint8;  /* register  Ais of uint8 type *
X uint8; /* register  Xis 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 {
uintl6 * addr
add uintl6 addr, %1, %?2;
load register  gpu.A, addr;

Exampleof Bricoleurcodeemulatingpartsof a PaverPCmicroprocessor:

*



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;
rl uint32;
r2 uint32;
r3  uint32;
r4  uint32;
r5 uint32;
6 uint32;
r7 uint32;
r8 uint32;
r9 uint32;
ri0 uint32;
ril uint32;
ri2 uint3z2;
ri3 uint32;
ri4 uint32;
rl5 uint32;
ri6 uint32;
rl7 uint32;
ri8 uint32;
rl9 uint32;
r20 uint32;
r21 uint32;
r22 uint32;
23 uint32;
r24 uint32;
r25 uint32;
r26 uint32;
r27 uint32;
r28 uint32;
r29 uint32;
r30 uint32;
r31 uint32;

Vi



B.1 Exampleof Bricoleurscripts B SCRIPTS
}
opcodes {
/¥ Add to accumulator with carry updating CRO register  */
adde. {
/**
* QOpcode 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=232 hits
*
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; };
}
}

The 32-bit generalpurposeregistersof the IA32 canbe brokendown into one16-

bit registerswhich canbefurtherbrokendown into two 8-

de nition lookslike.

bit registers.Thisis whatthe

types  {
¥ Name of type followed by size in bits *
uint32  32; /* 32-bit unsigned type */
uintlé  16; /* 16-bit unsigned type */
uint8 8, [* 8-bit wunsigned type *
}
registers {
gpu {
eax uint32 {
ax uintle
ah uint8;
al uint8;
}
}
ecx uint32  {
cx uintle
ch uint8;
cl uints;
}
}
edx uint32 {
dx uintlé {
dh uint8;
dl uint8;
}
}
ebx uint32 {

vii



B.2 Exampleof translationrmapping B SCRIPTS

bx uintl6 {
bh uint8;
bl uint8;
}

}

B.2 Example of translation mapping

Examplemappingof Famainstruction“mov” to PaverPCbinarycodegenerators.

/**

* 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-hit value x in pointer p and increase the pointer ¥/
#define  EMIT32(p, x) \

*((uint32_t ¥ (p)) = (uint32_t) x); \

() +=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, operl, oper2) \

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

[* Generate the opcode for operation op using three arguments *

#define  GENOP3(op, operl, oper2, oper3) \
(ppc_opcodes[(op)].opcode | \
GEN_OPER(ppc_opcodes|(op)].operands|[0], (operl)) |
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;
rl uint32;
r2 uint32;
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B.2 Exampleof translationrmapping

B SCRIPTS

r3

r4

r5

r6

r7

r8

r9

r10
ril
ri2
ri3
ri4
ri5
ri6
ri7
ri8
ri9
r20
r21
r22
r23
r24
r25
r26
r27
r28
r29
r30
r3l

}

[* This is
translators
mov {

uint32;
uint32;
uint32;
uint32;
uint32;
uint32;
uint32;
uint32;
uint32;
uint32;
uint32;
uint32;
uint32;
uint32;
uint32;
uint32;
uint32;
uint32;
uint32;
uint32;
uint32;
uint32;
uint32;
uint32;
uint32;
uint32;
uint32;
uint32;
uint32;

the actual

{

register
sint32  {

}

gpu {

EMIT32(p,
EMIT32(p,

sintle

}

EMIT32(p,

register  {

}

EMIT32(p,

translation mapping */

GENOP3(LIS, %1, (%2 >> 16));
GENOP3(ORI, %1, %1, (%2 & Oxff);

GENOP2(LI, %1, %2));

GENOP3(ORA, %1, %2, %2));



B.2 Exampleof translationrmapping B SCRIPTS

EMIT32 writesa new 32-bitinstructionto theinstructionpointerandthenupdates
it to thenext emptyinstructionslot. GENOPxaremacroghatcreatebinarycodefor the
PowverPCbasedon a table of instructionencodingswhich hasalsobeenhand-coded
andis not partof theprojectdesign.



C ARCHITECTURE-SPECIFIGNFORMATION

C Architecture-speci cinformation

C.1 IA32
C.1.1 ModR/M

SomelA32 instructionsuse the ModR/M argumentstyle which is a look-up table
thatidenti es differentaddressingnodesandregisters. Thereis onetable for 16-bit
argumentsandanotherfor 32-bitaguments.

Figures6 and 7 are taken from |A-32 Intel Architectue Softwae Developers
Manual (2001, pp. 2.5-2.7).

Figure6: 16-bitModR/M table
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C.1 IA32 C ARCHITECTURE-SPECIFIGNFORMATION

Figure7: 32-bitModR/M table
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