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Abstract

We describe full system simulation of DAISY
(Dynamically Architected Instruction Set from
Yorktown). At runtime DAISY dynamicallytrans-
latescodefor a PowerPCprocessoimto codefor an
underlyingVLIW processorOur styleof simulation
canalso be usedin the context of full systemem-
ulationa la SimOSand SimICS Unlike SimOSand
SimICS DAISY emulationis operatingsystemand
device independent.

We have successfullgimulatedaworkstationrun-
ningunderDAISY binarytranslation7, 8, 9], start-
ing with translationof the PowerPC rmw are,con-
tinuing throughthe boot of the AIX 4.1.5 operat-
ing systemto thelogin  promptand nally execu-
tion of X-Windows andavarietyof utilities includ-
ing emacs, latex , dbx, grep , ping , andauser
modeversionof the DAISY simulatoritself.

Simulatedaspectsof DAISY include large reg-
ister sets, precise exceptions, parallel semantics
of VLIW instructions, virtual addresstranslation,
cacheableand non-cacheablememory and self-
modifying code— but not1/O devices.They arenot
needed.

More dif cult still is detugging. DAISY's simu-
lation codeis two levels removed from the original
PowerPCcode (PowerPC  VLIW PowerPQ
with bugs possiblein eachlevel of translation. As
well, the VLIW codeis heaily reorderedrom the
original PowerPCcode thusmakingit dif cult to as-

sociatea particularVLIW operationwith its original
PowerPC counterpart. Finally, the simulationruns
on the barehardware of a workstationwherethere
is an elementof non-determinismand whereincor
rectaccesseto I/0O cancrashthe systemandpossi-
bly corruptthe disk. We proposenovel solutionsfor
handlingtheseproblems.

KEYW ORDS: VLIW, BINARY TRANSLATION,
SIMULATION, DEBUGGING, POWERPC

1 Intr oduction

As processohardwareandsystemsgyron morecom-
plex, it isincreasinglyimportantto simulatethemac-
curatelybothto nd errorsin designaswell asto nd
bottleneckgo higherperformance Suchsimulation
is also generallymore cost-efective than building
prototypehardware.

OurDAISY (DynamicallyArchitected nstruction
Set from Yorktown) simulator works in this vein
to studythe DAISY binary translationarchitecture,
which dynamicallytranslategragmentsof PowerPC
codeto instructionsfor an underlying VLIW ma-
chine.In additionto modelinga VLIW machineun-
derbinarytranslationthesimulatorhasseveralother
notevorthy features:

The simulatorrunson barePowerPChardware
and dealsdirectly with devices and memory
with no operatingsystemintervention.



Consequentlythe simulatoris operatingsys-
tem independent. Likewise, sincethe periph-
eraldevicesonthe machineon which we simu-
lateDAISY arethesameaswe wouldexpecton
a hardware DAISY platform, peripheralseed
not besimulated.

Thesimulatormodelsa completesystem— in-
cludingbothuserandprivilegedmodecode,as
well as virtual addresdranslation,exceptions
and traps, cacheableand non-cacheableac-
cessedo memoryandl/O, andself-modifying
code.

Sincewe do not currentlyhave DAISY hardwvare,
our simulatorcan be usedto estimateDAISY per
formance.Thesimulatoralsoprovidesaplatformon
whichwe cantestthe correctnesandef cacy of our
translationandsystemmanagemenalgorithms,and
obtain statistics,suchas the amountof codereuse
andthesizeof thecodefootprintin systemf inter
est.

Our style of simulationcanalsobe usedin a dif-
ferent contet, that of full systememulationa la
SimOSandSimICS However, both SimOSand Sim-
ICS aredependenbn a particularoperatingsystem
andmodelonly alimited setof devicesin thatsys-
tem. The DAISY simulationsystemis completely
independenbdf both operatingsystemand ary de-
vices presentin the system. Any and all manner
of networking cards,graphicscards,datacollection
cards,etc. canbe presentin a DAISY simulation
system DAISY doeshave two signi cantdrawvbacks
comparedo SimOSandSimICS (1) As the DAISY
simulatorwasdesignedo emulatea VLIW architec-
tureit is slightly sloverthanSimOSandSimICS (2)
The DAISY simulatoris signi cantly moredif cult
to delug. Delugging challengesrangefrom non-
determinismto dealingwith real hardware devices
to heavily reordereccodethatis two levelsremoved

from the original: PowerPC  VLIW  PowerPC
simulationcode.

The remainderof the paperis structuredas fol-
lows. Section2 describeghe DAISY architecture
and the novel waysin which it is simulated. Sec-
tion 3 describeshov we deal with the delugging
problemsdescribedabose. Section4 offers some
obserationsfrom usingthe DAISY simulator Sec-
tion 5 discusseselatedwork. Finally, Section6 con-
cludes.

2 DAISY

TheDAISY systemdynamicallytranslate$owerPC
codeinto codefor an underlying VLIW machine.
The translationis doneat runtime and hencemust
befastandef cient soasnotto beperceptibleo the
user VLIW codetranslationsare saved andcached
sothatwhenthesamePowerPCcodeis laterencoun-
tered,its VLIW translationcanexecuteimmediately
withoutretranslation.

The DAISY VLIW architectureis in the style
of VLIW instruction that was pioneered by
Ebciaglu [6]. DAISY is canbe an 8 or 16-wide
machine with 64 integer registers,64 oating point
registers,and64 conditionregisterbits (16 condition
register elds). The rst 32 integerregisterscontain
PowerPC values, while the upper 32 registersare
usedfor speculaite computationandfor translator
use.For example,r3 alwayscontainshevaluethat
r3 would containin a“normal” PowerPCprogram.
The condition bits are similar with the rst 32 cor
respondingto the PowerPC condition bits, and the
second2beingavailablefor speculatie andscratch
computation.

EachDAISY instructioncanhave 8/16 ALU op-
erations,out of which one half canbe loads/stores.
Giventhatthe DAISY instructionsetis designedas
a binary translationtarget for the PowerPCinstruc-
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tion set,DAISY 's primitive operationsaresimilarto
PowerPC operationswith the exceptionthat com-
plex PowerPC operationssuch as update instruc-
tions and string operationsare cracled into simpler
DAISY primitives.

EachVLIW instructioncanbranchto up to 4 tar
gets,basedon up to 3 condition bits, in a decision
tree-like fashion. For eachtamet that the VLIW
branchedo, a differentsubsebf the primitive ALU
andmemoryoperationsn theVLIW canbeexecuted
(committed). Thus, eachprimitive ALU andmem-
ory operationin a DAISY instructioncanbe predi-
catedon up to 3 conditioncodebits, althoughthese
arenot fully independenpredicatesssociatedvith
eachoperationasis the casewith theIntel IA-64.

Figure 1(a) shawvs the overall framewvork under
which DAISY wouldoperatdf hardwarewereavail-
able. Figure1(b) shavs theframevork underwhich
we simulateDAISY . Of particularimportancds the
fact that DAISY runsdirectly on a real hardware,
with no intervening operatingsystemsupport. This
is true for both DAISY hardware systemsas well
asthe DAISY simulatordescribechere. This “bare
metal” operationprovides the bene t of portabil-
ity — ary operatingsystemfrom AIX to Linux
to MacOS-X should run without changesto the
DAISY system(or the operatingsystem),although
to date,we have only testedDAISY with AIX .
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Figure2: DAISY SimulationSystem.

Figure2 shavs a DAISY simulationsystem.The
shadedoxesdiffer from atraditionalPowerPCsys-
tem, while the unshadedoxes do not. As canbe
seenatraditionalPowerPCprocessois replacedy
a PowerPC processorsimulatinga DAISY VLIW
processor (The DAISY VLIW processois in turn
executescodewhich emulategfowerPC)

TranslatedAISY codeis keptin theDAISY por-
tion of memory asis simulationcodefor the DAISY
code.During normalsystermoperationthe PowerPC
portionof thememorywill look exactlylike it would
wereatraditionalPowerPCsystemin use.

Figure 3 depicts the DAISY memory map in
slightly moredetail. The DAISY portion alsocon-
tainsthe DAISY systemsoftware, translatoy simu-
lation code,and otherrequiredtables. Section2.3,
PowerPCexplainswhy paged0, 1, and2 arekeptin
the DAISY portionof memory

2.1 Bootstrapping the DAISY Simulator

Themachineonwhich DAISY runshas512Mbytes
of RAM installed. The upper384 Mbytes are re-
senedfor thetranslatorandsimulator while leaving
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the lower 128 Mbytesfor useby the “normal” sys-
tem. The large majority of the 384 Mbytesusedby
thetranslatorandsimulatoris for simulationcodeof
theDAISY VLIW code.Aswill bediscussedh Sec-
tion 2.2, simulationcodeis severaltimeslargerthan
VLIW code.

TheDAISY simulatorbeginsby loadingthetrans-
lator and simulatorsoftware into high real memory
onthemachineon which the simulationis to berun.
This load of the translatorand simulatoris accom-
plishedvia an AIX kernel extension Like mostof
the AIX kernel, the kernel extensionrunswith ad-
dresdranslationoninitially.

This, however cancauseproblems.Therealmem-
ory locationsof the kernelextension,aswell asthe
translatormandsimulatorsoftwarearearbitrary Some
pagesmayresidein the high realmemorylocations
to which thetranslatorandsimulatorwill ultimately
beloaded. Thusthe kernelextension rst movesall
pagesof itself, the translator and the simulatorto
low realmemorypageqtaking carenotto overwrite
partsalreadyin low real memory). Suchpagesin-
cludenotonly codebut dataincludingthekernelex-

tensions stack. Onceeverythingis in low memory
thekernelextensioncopiesall DAISY codeanddata
to theirdesiredocationsin highrealmemory

Oncethis loadis completedihe kernelextension
setg¢hePowerPCstack pointer andTOC! reg-
isters(rl andr2 ) to the appropriatevaluesfor the
translatorandturnsoff dataandinstructiontransla-
tionin thePowerPCMSRIt likewisezeroegsheBSS
datafor thetranslatorandsimulator andthenpasses
controlto thetranslatorandsimulatorwith atransla-
tion addresof OxFFF00100 — the standardeset
locationfor the PowerPCarchitecturethe contents
of which residein the PowerPCFlashROM in Fig-
ure 2. In otherwords,the DAISY simulatorbegins
its simulationatthe rebootof the machine.

Translationof PowerPCcodeto DAISY VLIW
codethen commences.When an unseenfragment
of PowerPCcodeis encounteredluring execution,
code on several pathsfrom that fragmentis trans-
latedto DAISY VLIW code.Simulationcodefor the
DAISY VLIW codeisthengeneratedsdescribedn
Section2.2. This simulationcodeis thenexecuted
until code branchesout of the translatedfragment
or until an indirect branchis encountered.Out of
fragmentand indirect branchescheckif a DAISY
VLIW translationexists for their tamget. If so the
simulationcodefor the DAISY codetranslationis
executed.If not,the codeis translatecasbeforeand
executed. This processcontinuesall the way to the
AIX login  promptandbeyond— indeeduntil the
machineis rebooted.

2.2 Simulation Code

TheDAISY simulatorgeneratesimulationcodefor
eachVLIW instructionin a Shade-lile manner{5].
This is illustratedin Figure 4. Figure 4(a) shaws

lUnder standardcompiler corventionsfor AIX code, the
TOC— tableof contents— is usedto point at globally visible
programsymbols.
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Figure4: FromPowerPCcodeto VLIW codeto simulationcode.



a small fragmentof PowerPCcode. Thereare no
datadependenceketweenary of the PowerPCop-
erations,so DAISY can scheduletheminto a sin-
gle VLIW instruction,asillustratedin Figure 4(b).
DAISY always executesthe and operationin the
VLIW instruction,while the bne essentiallyactsa
predicatefor thexor andtheaddi . ThusDAISY
executesall of theseoperationsat once,writing ei-
thertheresultof thexor to X24 or theresultof the
addi to X28 asappropriateandthenbranchingto
a successoVLIW instruction,V25 or V47. (Note
that DAISY registersX0-X31 containintegersand
correspondo PowerPCregistersr0-r31 . We use
separat@amingto avoid confusiorwhenwe referto
aregister)

Thereis an additionalwrinkle here. The DAISY
translatorcan rescheduleperationsfrom the Pow-

erPC code, and renamethe resultsin somecases.

Here,the valuer29 usedin theaddi in the Pow-
erPCcodein Figure4(a)hasbeenrenamednto X63
in theVLIW codein Figure4(b). However, theand
operationalsorenamests resultinto X63 insteadof
theoriginalr20 usedin the PowerPCcode.

Thismayappeaincorrect,andthattheaddi will
usetheresultthe and asinput insteadof the value
of r29 asrequiredby the PowerPCcode. How-
ever, DAISY VLIW instructionsuseparallelseman-
tics,meaninghatall inputvaluesarereadbeforeary
outputvaluesarewritten. Thus,theaddi usesthe
value of X63 that exists immediatelyprior to exe-
cutingary operationsn the VLIW instruction. This
valueis r29 .

Figure4(c) shaws a textual representatiomf the
VLIW instructionin Figure 4(b). This textual rep-
resentatioris usefulin readingthe simulationcode
producedfor the VLIW instructionin Figure 4(d).
At thetop of Figure4(d) is codeto executetheand
operation. SinceDAISY codenot only simulatesa
PowerPG but is simulatedon a PowerPG this code
loadsthe valuesof DAISY registersX21 and X22

from memoryinto PowerPCregistersr30 andr29
respectiely. Thesevaluesareand'ed andsavedin a
temporanjocationcorrespondingo DAISY register
X63. DAISY registerssuchasX0-X63 arekeptin
memoryandareindexed at an offsetfrom PowerPC
registerrl3 , asarevariousotherquantitiesusedin
simulation,suchasthe addressesf certainsimula-
tion subroutines.

Thereasorthatit is savedto atemporarylocation
andnotthereal X63 is to supportheparallelseman-
ticsof DAISY'sVLIW instructions.Skippingahead
slightly to the codefor the addi atV12_3, it can
be seenthat the value of X63 is loadedinto Pow-
erPC r30. If the and hadimmediatelystoredthe
new valueof X63, it would have beenunavailableas
inputfor otheroperationssuchastheaddi .

Oncetheaddi is complete,jts resultto is stored
to a temporarylocation for X28, even thoughthis
turnsout notto benecessaryClearlythesimulation
codecouldbemademoreef cient in thisregard.) At
this point both operationghat executeif the bne is
takenarecomplete Hencethesimulationcodeloads
X63 from thetemporarylocationwhereit waswrit-
ten by theand andstoresit into thereal X63 loca-
tion. It doesthe samefor X28, andthenbranches
to the simulationcodefor the next VLIW instruc-
tion atV47_SIM. A similar setof operationsareper
formedon the otherpaththroughthe VLIW instruc-
tionVV12_SIM, with thexor executinginsteadf the
addi , andthetemporaryaluesof X24 andX63 be-
ing written to memoryinsteadof X28 andX63.

Executioncontinuesn this manneruntil the sim-
ulation codeencountershe endof a translateccode
fragmentatwhich pointthesimulationcodeis hard-
wiredto branchto DAISY systemcode.

Additional simulation code not shavn in Fig-
ure 4(d) can be generatedo countthe numberof
times eachpaththrougha VLIW instructionis ex-
ecutedandto collectotherstatistics.LoadandStore
instructionsalso go to specialmemory subroutines



which performthe appropriateaddressnapping,as
will bediscussedh Section2.3.

2.3 Data AddressTranslation

In its currentincarnation,DAISY is basedon 32-
bit PowerPC underwhich 32-bit PowerPCeffective
addressesarenormally mappedo 52-bitvirtual ad-
dressewia the PowerPCsegment registers
These52-bit virtual addressesare in turn mapped
to 32-bit real addressesvia the pagetableor TLB.
DAISY handlesthe bulk of addresstranslation
throughits DataTLB (DTLB), which is illustrated
in Figure5. Thereareparticularwrinklesin dealing
with dataTLB s (DTLB s):

PowerPCaddresgranslationis complicatecby
Blodk AddressTranslation (BAT) whichis con-
trolled by 8 instructionand 8 dataBAT regis-
ters. TheseBAT registersdirectly map 32-bit
PowerPCeffectiveaddressedo 32-bit real ad-
dresseswithout needof a page-tableor TLB
lookup. The rangeof addressesare powers of
2 andrangefrom 128 Kbytesto 256 Mbytes.
For simplicity of hardware andsimulation,the
DAISY DTLB alwaysusesa 4 Kbyte granu-
larity. Thusthe 128 Kbyte region translatedy
a single BAT registerrequires32 entriesin the
DAISY DTLB.

PowerPChas multiple forms of memory pro-

tection,with certainprotectionsassociatevith

BATs, segment registers , and pageta-

ble entries.Many of theseprotectionsarebased
on whetherthe privilege bit (MSR.PR

in the PowerPCMSRs set.

To handlethis in a clean way, the DAISY
DTLB usesthe MSR.PRvalue as part of the
addresgag,asillustratedin Figure5. Thusdif-
ferenttranslationsandactionscanbe taken de-
pendingon whetherthe emulatedPowerPCis

in privilege  d modeor not. Sincepagegor
BATS) canbe further marked asread-only

or read-write  , aread-only  bit is made
anadditionalpartof thevalid indicatorfor each
DTLB entryandis consultedbn stores

Not only PowerPC addressedranslatedvia

BATSs or the pagetable needto be remapped
in DAISY . Even PowerPCreal accessesieed
to be translatedj.e., loadsandstoresin which

the DT (Data Translate ) bit in the Pow-

erPCMSRis off, andthe effective addresgro-

ducedby a programis also the real address.
Theprimaryreasorthatsuchrealaccessemust
be translatedn DAISY is to prevent PowerPC
codefrom accessindAISY memory

DAISY handles PowerPC real accesseshy
adding MSR.DT to the “address”sentto the
DTLB, as shawvn in Figure 5. As with
MSR.PR thisaddressaugmentatiomllows dif-
ferent translationsand actions dependingon
whetherthe emulatedPowerPC processohas
datatranslationon or off.

Another aspectof PowerPC addresstransla-
tion modeledby the DAISY DTLB are the
PowerPCWIM G bits: W=Write ary store s
through the cache hierarchy I=Inhibit ary
cachingM=Memorymustbekeptcoherenfor
MP accessesandG=Guardedmemoryi.e.,no
speculatie accesseareallowed.

DAISY's DTLB is alsovery usefulin simula-
tion. PowerPCexceptionsgo to addressebe-
tween0x0000 andOx2FFC,i.e.,topaged,1,
and?2. SincePowerPCmemorycontainsPow-
erPC codeanddata,an exceptiontransferring
controlto PowerPCcodebetweerDx0000 and
0x2FFC would begin executingPowerPCcode
andthe DAISY simulatorwould losecontrol of
themachine.
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Insteadwe wantexceptiongo goto the DAISY
simulator which can in turn invoke VLIW
translation®f thePowerPCexceptionhandlers.
At the sametime, we want pages0, 1, and 2
to appeatrto the PowerPCcodeto be the “nor-
mal” paged), 1, and2. DAISY 's addressaug-
mentedTLB accomplishebothof thesegoals
by remappingPowerPC pages0, 1, and 2 to
DAISY 's portion of memory aswasshavn in
Figure 3. This remappingallows the DAISY
simulatorto install its own exceptionhandlers
onrealpaged), 1, and2. PowerPCis unavare
of theremappingf paged), 1, and2 to DAISY
spaceandstill accessethemviarealaddresses
betweer0x0000 andOx2FFC.

The simulation code for every PowerPC load
and store is augmentedwith instructionsto go
throughthe DTLB . This is illustratedin Figure 6.
Figure6(a)shavs VLIW instructionV77 with asin-
gleoperationanlwz . Figure6(b)shavsthesimula-
tion codegeneratedor thelwz portionoftheVLIW.
In essencdt passedo a subroutine,lwz simul

the effectiveaddressusedby thelwz , i.e., thevalue
of X21. Thelwz simul subroutinen Figure6(c)
translatesheeffectiveaddressto arealaddressviaa
lookupin theDTLB. If thereareno alignmentprob-
lems, protectionviolations, /0O accessespr other
problem cases,lwz r31,0(r28) performsthe
desirediwz . Controlthenreturnsto the simulation
codefor V77.

This path throughlwz has16 PowerPC opera-
tions. Thesimulationpathis muchlongerfor misses
to the DTLB, in which caseC subroutinesare in-
vokedto performa PowerPCtablewalk (if MSR.DT
is on),andupdatethe DTLB .

2.4 Exceptions

PowerPCprovidespreciseexceptionsexceptin rare
casessuch as certain types of machinecheck ex-
ceptions. ThusDAISY andits simulatormustalso
provide for precisePowerPC exceptions. To sup-
port preciseexceptions DAISY useshemethodde-
scribedin [7], which hastwo essentiapoints:
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Valuesare placedin memory and registersin
theoriginal programorder

The addressof an excepting instruction must
be readily computablebasedon a registercon-
taining the currentPowerPC codepageand a
sidetablecontainingthe offsetwithin the Pow-
erPC codepageof the PowerPCoperationcor
respondingto the startof eachVLIW instruc-
tion.

We now describehow the DAISY simulatorhan-
dles exceptions. The mannerin which the DAISY
simulator implementsexceptionsdoesnot yet en-
tirely mimic how we expectDAISY hardwarewould
behae, but it doesprovide for reasonablyef cient
exceptionhandlingaswell asleaving hooksfor more
accuratenodelingof hardware.

DAISY dealsdifferently with synchronousand
asynchronousxceptions.Asynchronougxceptions
(suchasexternalexceptionsanddecementeexcep-
tionsin PowerPQ occurindependentlyf currentin-
structionexecution.By contrastsynchronousxcep-
tions (suchaspage faults protectionviolations ille-
galinstructions and oating pointexceptions)ccur
asaresultof executingparticularinstructions.

The subsetof PowerPC instructionswhich can
causesynchronougxceptionss knowvn to thetrans-
lator as well asthe DAISY simulation code gen-
erator Theseinclude all load and store op-
erations, all oating point operations,as well as
privilege  d operationdike MTMSRAS notedin
Section2.3, pagefaults and other synchronousex-
ceptionsresulting from load s and store s are
identi ed by explicit checkdn subroutinecallsmade
for eachload andstore . If anexceptionoccurs,

1. The appropriateregisters(e.g., SRRQ SRR]
DSISR, andDAR areset.

2. A noteis madeof ary PowerPCregisterswhich

have beenwritten to “prior” to the currentop-
erationin the currentVLIW instruction. For
simulation, the notes of registerswritten are
madeas bit masksindicating which PowerPC
registershave beenwritten. Thesebit masks
are clearedat the startof eachVLIW instruc-
tion and incrementallyupdatedas the simu-
lation code for eachoperationin the VLIW
instruction is executed. In Figure 6(b), the
xor rl4,rl4,r14 initializesthe VLIW in-
struction to indicate that no PowerPC inte-
ger registers have beenwritten. The oris
r14,r14,0x10 shavs the point at which
DAISY integer register X20 is written. (X20
correspondgo PowerPC register r20 in the
codebeingsimulatedby DAISY asnotedatthe
startof Section2.) Thusary PowerPCregis-
ter with its bit set,hasits valuecopiedfrom its
temporarylocationto its permanentocationas
describedn Section2.2.

3. Thetranslationof the PowerPCexceptionhan-
dleris jumpedto if it exists. If it doesnotexist,
thenits entryis translatedandthenjumpedto.

In orderto minimize exceptionprocessingver
head, we normally enable asynchronousexcep-
tions only at group boundaries. Groups are
what we term our units of translation. At the
start and end of a group, there are no spec-
ulative values, i.e., the high numbered DAISY
registers X63,X62, X _FLT63,X FLT62,
and the high numberedcondition register elds
X _CR15,X_CR14, aredead. Thus, if an ex-
ceptionoccursat a group boundary no copying of
register valuesor interpretationof PowerPC code
is neededaswasthe casefor synchronousexcep-
tions. Enabling asynchronousxceptionsonly at
groupboundariehasthe additionaladvantage that
whentheinterruptreturnsthereis generallyagroup
alreadyatthereturnpoint.
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2.5 Modeling PowerPC I/O Accesses

The DAISY simulatorrunson the barehardware of
an RS/6000workstationwith a PowerPC604epro-
cessar Sincethereis no intervening operatingsys-
temtheDAISY simulatoralwaysrunswith hardware
datatranslationoff. Thatis the MSR.DThbit is off in
themachine state register  of theworksta-
tion on which DAISY is running. As describedn
Section2.3, DAISY doesits own translationof ad-
dresse# the PowerPCcodethatDAISY simulates.

However, the factthatMSR.DTis off on the ma-
chine on which the DAISY simulatoris run, poses
anotherproblem. In normal PowerPCcode,when
MSR.DTis on, the WIM G bits canbe usedto dis-
ablecachesvhenaccessinguchlocations.However
whendatatranslatioris off, therearenoWIM G bits,
andadefaultvalueof WIM G = 0011 is used.

Sincethe WIM G | bit is cleared,cachingis not
inhibited. This cachingof memory referencess
a problemwhen DAISY simulatesPowerPC code
which accessefO locations. Sincethe WIM G W
bit is likewise cleared,cachereferencesare write-
bad andnot write-through somethinghatcanalso
causeproblemsn simulation.

To solwe the rst of these problems, DAISY
useghemicro-architecturspeci c HIDO registeron
the 604e processor Appropriatesettingsof HIDO
canenableanddisablecaches,ush cachesgnable
branchprediction,enableserialexecutionof instruc-
tions,andseveralotherlow level micro-architectural
functions. DAISY usesthe PowerPC operation,
dcbst (data cache block store) to force write-
throughwhenthe WIM G W bit is setin the sim-
ulatedPowerPC

3 Dehugging

Dehugginghasbeenoneof themostdif cult aspects
of ourwork. Marny bugsthatwould have beenmun-

daneandeasyto nd in a more“normal” develop-
mentcontext have beenexceedinglydif cult to iso-
late in DAISY . We presentsomeof the reasondor
thesdlif culties in thenext subsectionThenin Sec-
tion 3.2, we outline the basicapproachthatwe have
takento delugging.

3.1 ProblemsDebugging DAISY

The avor of bugs and the typesof dif culties in-
volved in delugging changedover time as DAISY
reachedever further throughthe boot process. We
outline thesedif culties in rough chronologicalor-
der:

For the rst 10-20 million instructions of
rmw are, the serial port on the RS/6000ma-
chineonwhichwerun DAISY is disabled.The
parallelportis alsodisabled.(The rmw areal-
mostimmediatelydisablestheseports, and so
asnot to interferewith the system,we do not
attemptto overridetheseshutofs.)

Sincethe serial port andparallel portsaredis-

abled, the only meansby which dehug output
canbe obtainedduring this time is via a 3 hex

digit LED on the front of the machine. This
LED is assignedo a x ed /O addresswhich

merelyneedsto be written in orderto seeout-

put. However, 3 hex digitsgenerallydo notpro-

vide sufcient delug data. Thusdehug codes
cycle atarateof 1 secondperdigit.

The rst small part of the rmw areis written
in PowerPCassemblylanguageand is stored
uncompresseith ROM. By dumpinganddisas-
semblingthe ROM contentsit is possibleearly
onto getsomesemantiagdeaof whatis happen-

ing.

Soonhowever, the rmw aredecompressegsart
of itself from ROM into systemRAM. We took
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the decompressoutines from the ROM and
usedthemto obtaina decompressedersionof
thecode.Thisactionallows somesemantian-
derstandindor aslightly longerperiod.

However, someof the decompressedoutines
comprisea FORTH languagenterpreter From
this point forward, rmw areexecutionconsists
of the FORTH interpreterexecuting instruc-
tions, and at this point it is extremely dif cult

to determinewhatthe codeis trying to accom-
plish at ary given point. This FORTH execu-
tion occupiesabout98% of what we estimate
to be about3 billion PowerPCinstructionsex-

ecutedin the rmw are. (This correspondgso

about300 million VLIW groupsexecuted,and
takesa little over anhourunderDAISY simu-
lation versusabout2 minutesin anormalboot.)

Asdetailedin Section3.2,we oftenuseabinary
searchtechniquen lookingfor bugs. Thistech-
niquesuccesskly narravs the areain which a
bug maylie. However, it requiresrebootingthe
machinefrom scratchunder DAISY for each
valuein the binary search. Evenif the binary
searcmeedonly look througha rangeof 1000,
10 bootsof themachinearerequired,eachtak-
ing anhourjustto reachthe pointatwhich AlIX
starts.

Once the AIX kernel is loaded, a seman-
tic understandingpf what code is doing be-
comesslightly easieragain, as this code all
comedrom eitherC or PowerPCassemblyan-
guage.However, after executinga few million
PowerPCinstructions,the AIX kernelenables
DECREMENTE®ceptionssoasto be ableto
perform multitasking. In this threadedmulti-
taskingernvironment,it canbe very dif cult to
isolate where bugs occur since things do not
happenin a deterministicorder While event

A occurredbeforeevent B on oneboot of the
machine A may occurafter B on anothermoot.
Suchraceconditionscanmale delhuggingvery
dif cult onsomeparallelmachineg14].

Finally a dif culty that exists throughoutthe
boot processand beyond, is determinationof
theareacausinga bug. Is thebugin (1) VLIW

code,(2) Simulationcodefor the VLIW code,
or (3) The simulatorandsystemsoftware? We
have foundinstancef each.Luckily we have
not found ary bugs in the original PowerPC
code, althoughas discussedn Section4, we
have foundafew peculiarities.

3.2 Debugging Approach

As outlinedin Section3.1, deluggingis a dif cult
problemwhen operatingon a baremachineduring
a boot. Aside from usinga 3-digit LED for detug
output,asoutlinedin Section3.1, we have alsode-
velopedour own rudimentarydelugger for useon
a VT100 connectedria a serialport to the machine
beingbooted.

The most useful detugging stratgy we have so
far implementedusesa binary searchapproach?.
The binary searchapproachmales use of the fact
thatat the startof every group,DAISY hasthe abil-
ity to switchfrom runningsimulatedvLIW codeto
running natve PowerPCcode. Thus,if execution
is completelydeterministic, DAISY canusebinary
searchto isolatethe group causinga problem. For
example,if the systemcrashesf we wait for 1000
groupsto executebefore switching to natve Pow-
erPC execution,thenwe canseeif it alsocrashesf
wewaitfor only 500groupsto execute.lf thesystem
doesnot crashwith 500, thenwe cantry waiting for

2This binary searchstratgyy wassuggestedo us by Mayan
Moudagill.
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750groups,andsoonin binarysearchfashion,until
we isolatethe precisegroupwith the problem.

This binarysearchechniquenvorkswell for mary
usermodeprogramsandfor detuggingthe rmw are
duringa full AIX boot. However, asnotedin Sec-
tion 3.1, onceAlX initiatesmultitasking,execution
is notdeterministicandtheorderin whichthingsex-
ecutevariesbasedon uncontrollablefactorssuchas
whethera disk headis over a sectorto bereadwhen
arequestomes.

4 QObserwvations

We have madea variety of obserationsin the pro-
cessof developingandusingthe DAISY simulator:

DAISY currentlyhasabout100,000linesof C
andPowerPCassemblycode. (Thevastmajor
ity is writtenin C.)

We have run numerousapplicationsunderthe
DAISY full system simulator These in-
cludedbx, emacs, jove , mail ,sendmail
the user mode version of DAISY, latex |,
dvips , grep, less , ps, cal , date ,
from , uptime ,w, who, Is , ping , finger
adsm system backup , pcal , where,
andxmodmap.

The RS/6000 on which we run our simula-
tions normally receves a DECREMENTE&-
ceptionaboutonceper millisecond. However,
becausef the overheadof translationandthe
slownessof the VLIW simulation code com-
paredto the original PowerPC code, recev-
ing DECREMENTE&ceptionsat that rate on
asimulatedDAISY systenresultsin almostall
time beingspenthandlingDECREMENTE&-
ceptionsandalmostno time spentdoing“real”
work. To overcomethis problem,our simula-
tion codedilatestime by a factorof 8.

We obsered widely varying amountsof slow-
down in the DAISY simulatorcomparedto a
normallybootedsystem:

- in rmw are: 2 minutes 70 min-
utes.

- in AIX bootfunctions:3 minutes
3.3 hours.

- startingX-windows: 15 seconds
55 minutes.

We expectDAISY systemdo have alargercold
start penalty than traditional systemsbecause
of the overheadn translatingcodefor the rst
time, andthesemeasurementseento illustrate
thiseffect. The rmw areis relatvely small,and
hasa large amountof reuse.Consequentlyhe
slowvdown in executingit is a relatively small

By contrastthe AIX operatingsystem
and X-windows are much larger, and at least
initially have lessreuse,resultingin substan-
tially larger slovdowns of and re-
spectvely.

5 RelatedWork

A wealth of study hasgoneinto binary translation
and efcient simulationof architectures. The key
pointsof thecurrentapproaclare

The entiremachineis emulatedncluding both
userandsystemlevel operations.

Emulationis basedn aprecisemodelof apro-
cessorobviating theneedfor ary knowledgeof
rmw are, operatingsystemspr peripheralde-
vicesattachedo thesystem.

Thetarget machineis parameterizablghusal-
lowing explorationof future architecturesyith
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particularfocusin our caseon VLIW architec-
tures.

In additionto architecturalmodeling, DAISY
also permits some compiler optimization of
translatedcode. These optimizations cur
rently include schedulingcombining,store -
load telescopingcopy propagationandlim-
ited dead-codelimination.

Emulationis reasonablyfast, thoughnot cur
rently as fast as SimICS or SimQOS, since
DAISY goesthrough the additional stepsof
emulatinga VLIW machineemulatinga Pow-
erPC, insteadof thedirect SimICS/SimOSap-
proach.

While other approachesnclude one or more of
theseaspectswe areunawvareof ary otherpublished
work which incorporatesll of them.

Two of the most similar approaches are
SimOS [10, 13 and SimICS [11]. Both of
theseworks provide full, customizablearchitecture
supportcapableof executingall code. However,
both run on top of existing operatingsystemsand
requiredevice modelsfor peripheralsuchasdisks.

ATUM (AddressTracing Using Microcodg [1]
usedmicrocodgo gatherinformationon systenper
formanceduring all periodsof execution— both
priviege  dandnonjprivilege  d. However, it

DAISY's simulation techniquesborrov from
someof theef cient simulationmechanismsisedin
Shade[5]. In particular the instructionsequences
used by DAISY for simulation, as well as howv
DAISY indexestranslationsare Shadelike. How-
ever, like MIMIC andunlike DAISY, Shadeis for
userlevel applicationonly.

6 Conclusion

DAISY usesdynamicbinary translationto make a
VLIW architectureappearto be a complete32-bit
PowerPCarchitecturerunningbothuserandoperat-
ing systemlevel code. Sincethe DAISY simulator
emulatesa completePowerPCprocessqrit canal-
ternatvely beviewedasanemulatolike SimlCSand
SimO$Swith the ability to modela completesystem
runningapplications.DAISY hassuccessfullysim-
ulatedthe bootof a machinerunningAlX 4.1.5and
hassimulateda variety of applicationsonit.
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