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Abstract

We describe full system simulation of DAISY
(Dynamically Architected Instruction Set from
Yorktown). At runtimeDAISY dynamicallytrans-
latescodefor a PowerPCprocessorinto codefor an
underlyingVLIW processor. Ourstyleof simulation
can also be usedin the context of full systemem-
ulation �a la SimOSandSimICS. Unlike SimOSand
SimICS, DAISY emulationis operatingsystemand
device independent.

Wehavesuccessfullysimulatedaworkstationrun-
ning underDAISY binarytranslation[7, 8, 9], start-
ing with translationof the PowerPC�rmw are,con-
tinuing through the boot of the AIX 4.1.5 operat-
ing systemto the login promptand�nally execu-
tion of X-Windows andavarietyof utilities includ-
ing emacs, latex , dbx , grep , ping , anda user
modeversionof theDAISY simulatoritself.

Simulatedaspectsof DAISY include large reg-
ister sets, precise exceptions, parallel semantics
of VLIW instructions,virtual addresstranslation,
cacheableand non-cacheablememory, and self-
modifyingcode— but not I/O devices.They arenot
needed.

More dif�cult still is debugging. DAISY's simu-
lation codeis two levels removed from the original
PowerPCcode(PowerPC � VLIW � PowerPC)
with bugspossiblein eachlevel of translation. As
well, the VLIW codeis heavily reorderedfrom the
originalPowerPCcode,thusmakingit dif�cult toas-

sociateaparticularVLIW operationwith its original
PowerPCcounterpart.Finally, the simulationruns
on the barehardware of a workstationwherethere
is an elementof non-determinismandwhereincor-
rectaccessesto I/O cancrashthesystemandpossi-
bly corruptthedisk. We proposenovel solutionsfor
handlingtheseproblems.

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

1 Intr oduction

As processorhardwareandsystemsgrow morecom-
plex, it is increasinglyimportantto simulatethemac-
curatelybothto �nd errorsin designaswell asto �nd
bottlenecksto higherperformance.Suchsimulation
is also generallymore cost-effective than building
prototypehardware.

OurDAISY (DynamicallyArchitectedInstruction
Set from Yorktown) simulator works in this vein
to studythe DAISY binary translationarchitecture,
whichdynamicallytranslatesfragmentsof PowerPC
code to instructionsfor an underlying VLIW ma-
chine.In additionto modelingaVLIW machineun-
derbinarytranslation,thesimulatorhasseveralother
noteworthy features:

� Thesimulatorrunson barePowerPChardware
and dealsdirectly with devices and memory
with nooperatingsystemintervention.
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� Consequently, the simulator is operatingsys-
tem independent.Likewise, sincethe periph-
eraldeviceson themachineon whichwesimu-
lateDAISY arethesameaswewouldexpecton
a hardwareDAISY platform, peripheralsneed
notbesimulated.

� Thesimulatormodelsacompletesystem— in-
cludingbothuserandprivilegedmodecode,as
well as virtual addresstranslation,exceptions
and traps, cacheableand non-cacheableac-
cessesto memoryandI/O, andself-modifying
code.

Sincewe do notcurrentlyhave DAISY hardware,
our simulatorcanbe usedto estimateDAISY per-
formance.Thesimulatoralsoprovidesaplatformon
whichwecantestthecorrectnessandef�cacy of our
translationandsystemmanagementalgorithms,and
obtain statistics,suchas the amountof codereuse
andthesizeof thecodefootprint in systemsof inter-
est.

Our styleof simulationcanalsobeusedin a dif-
ferent context, that of full systememulation �a la
SimOSandSimICS. However, bothSimOSandSim-
ICS aredependenton a particularoperatingsystem
andmodelonly a limited setof devicesin that sys-
tem. The DAISY simulationsystemis completely
independentof both operatingsystemand any de-
vices presentin the system. Any and all manner
of networking cards,graphicscards,datacollection
cards,etc. can be presentin a DAISY simulation
system.DAISY doeshavetwosigni�cant drawbacks
comparedto SimOSandSimICS: (1) As theDAISY
simulatorwasdesignedto emulateaVLIW architec-
tureit is slightly slower thanSimOSandSimICS. (2)
TheDAISY simulatoris signi�cantly moredif�cult
to debug. Debugging challengesrangefrom non-
determinismto dealingwith real hardware devices
to heavily reorderedcodethatis two levelsremoved

from theoriginal: PowerPC � VLIW � PowerPC
simulationcode.

The remainderof the paperis structuredas fol-
lows. Section2 describesthe DAISY architecture
and the novel ways in which it is simulated. Sec-
tion 3 describeshow we deal with the debugging
problemsdescribedabove. Section4 offers some
observationsfrom usingtheDAISY simulator. Sec-
tion 5 discussesrelatedwork. Finally, Section6 con-
cludes.

2 DAISY

TheDAISY systemdynamicallytranslatesPowerPC
code into code for an underlyingVLIW machine.
The translationis doneat runtime and hencemust
befastandef�cient soasnot to beperceptibleto the
user. VLIW codetranslationsaresaved andcached
sothatwhenthesamePowerPCcodeis laterencoun-
tered,its VLIW translationcanexecuteimmediately
without retranslation.

The DAISY VLIW architectureis in the style
of VLIW instruction that was pioneered by
Ebcio�glu [6]. DAISY is can be an 8 or 16-wide
machine,with 64 integer registers,64 �oating point
registers,and64conditionregisterbits (16condition
register�elds). The�rst 32 integerregisterscontain
PowerPC values,while the upper 32 registersare
usedfor speculative computationandfor translator
use.For example,r3 alwayscontainsthevaluethat
r3 would containin a “normal” PowerPCprogram.
The conditionbits aresimilar with the �rst 32 cor-
respondingto the PowerPCconditionbits, and the
second32beingavailablefor speculativeandscratch
computation.

EachDAISY instructioncanhave 8/16 ALU op-
erations,out of which onehalf canbe loads/stores.
Giventhat theDAISY instructionsetis designedas
a binary translationtarget for the PowerPCinstruc-
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Figure1: DAISY Schematic

tion set,DAISY'sprimitive operationsaresimilar to
PowerPCoperations,with the exceptionthat com-
plex PowerPC operationssuch as update instruc-
tions andstring operationsarecracked into simpler
DAISY primitives.

EachVLIW instructioncanbranchto up to 4 tar-
gets,basedon up to 3 conditionbits, in a decision
tree-like fashion. For eachtarget that the VLIW
branchesto, a differentsubsetof theprimitive ALU
andmemoryoperationsin theVLIW canbeexecuted
(committed). Thus,eachprimitive ALU andmem-
ory operationin a DAISY instructioncanbe predi-
catedon up to 3 conditioncodebits, althoughthese
arenot fully independentpredicatesassociatedwith
eachoperation,asis thecasewith theIntel IA-64.

Figure 1(a) shows the overall framework under
whichDAISY wouldoperateif hardwarewereavail-
able.Figure1(b) shows theframework underwhich
wesimulateDAISY. Of particularimportanceis the
fact that DAISY runs directly on a real hardware,
with no interveningoperatingsystemsupport.This
is true for both DAISY hardware systems,as well
astheDAISY simulatordescribedhere. This “bare
metal” operationprovides the bene�t of portabil-
ity — any operatingsystemfrom AIX to Linux
to MacOS-X should run without changesto the
DAISY system(or the operatingsystem),although
to date,wehave only testedDAISY with AIX .
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PowerPC
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Controller
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Figure2: DAISY SimulationSystem.

Figure2 shows a DAISY simulationsystem.The
shadedboxesdiffer from a traditionalPowerPCsys-
tem, while the unshadedboxes do not. As can be
seena traditionalPowerPCprocessoris replacedby
a PowerPCprocessorsimulatinga DAISY VLIW
processor. (The DAISY VLIW processoris in turn
executescodewhichemulatesPowerPC.)

TranslatedDAISY codeis keptin theDAISY por-
tion of memory, asis simulationcodefor theDAISY
code.Duringnormalsystemoperation,thePowerPC
portionof thememorywill look exactly like it would
werea traditionalPowerPCsystemin use.

Figure 3 depicts the DAISY memory map in
slightly moredetail. The DAISY portion alsocon-
tainsthe DAISY systemsoftware, translator, simu-
lation code,andother requiredtables. Section2.3,
PowerPCexplainswhy pages0, 1, and2 arekept in
theDAISY portionof memory.

2.1 Bootstrapping the DAISY Simulator

ThemachineonwhichDAISY runshas512Mbytes
of RAM installed. The upper384 Mbytes are re-
servedfor thetranslatorandsimulator, while leaving
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the lower 128 Mbytesfor useby the “normal” sys-
tem. The large majority of the384Mbytesusedby
thetranslatorandsimulatoris for simulationcodeof
theDAISY VLIW code.As will bediscussedin Sec-
tion 2.2,simulationcodeis several timeslarger than
VLIW code.

TheDAISY simulatorbeginsby loadingthetrans-
lator andsimulatorsoftware into high real memory
on themachineonwhich thesimulationis to berun.
This load of the translatorandsimulatoris accom-
plishedvia an AIX kernel extension. Like mostof
the AIX kernel, the kernelextensionrunswith ad-
dresstranslationon initially.

This,howevercancauseproblems.Therealmem-
ory locationsof the kernelextension,aswell asthe
translatorandsimulatorsoftwarearearbitrary. Some
pagesmayresidein thehigh realmemorylocations
to which thetranslatorandsimulatorwill ultimately
be loaded.Thusthekernelextension�rst movesall
pagesof itself, the translator, and the simulator to
low realmemorypages(takingcarenot to overwrite
partsalreadyin low real memory). Suchpagesin-
cludenotonly codebut dataincludingthekernelex-

tension's stack. Onceeverythingis in low memory,
thekernelextensioncopiesall DAISY codeanddata
to theirdesiredlocationsin high realmemory.

Oncethis load is completed,thekernelextension
setsthePowerPCstack pointer andTOC1 reg-
isters(r1 andr2 ) to the appropriatevaluesfor the
translator, andturnsoff dataandinstructiontransla-
tion in thePowerPCMSR. It likewisezeroestheBSS
datafor thetranslatorandsimulator, andthenpasses
controlto thetranslatorandsimulatorwith a transla-
tion addressof 0xFFF00100 — thestandardreset
locationfor the PowerPCarchitecture,the contents
of which residein thePowerPCFlashROM in Fig-
ure 2. In otherwords,theDAISY simulatorbegins
its simulationat therebootof themachine.

Translationof PowerPCcode to DAISY VLIW
codethen commences.When an unseenfragment
of PowerPCcodeis encounteredduring execution,
codeon several pathsfrom that fragmentis trans-
latedto DAISY VLIW code.Simulationcodefor the
DAISY VLIW codeis thengeneratedasdescribedin
Section2.2. This simulationcodeis thenexecuted
until codebranchesout of the translatedfragment
or until an indirect branchis encountered.Out of
fragmentand indirect branchescheck if a DAISY
VLIW translationexists for their target. If so the
simulationcodefor the DAISY codetranslationis
executed.If not, thecodeis translatedasbeforeand
executed.This processcontinuesall theway to the
AIX login promptandbeyond— indeeduntil the
machineis rebooted.

2.2 Simulation Code

TheDAISY simulatorgeneratessimulationcodefor
eachVLIW instructionin a Shade-like manner[5].
This is illustrated in Figure 4. Figure 4(a) shows

1Under standardcompiler conventions for AIX code, the
TOC— tableof contents— is usedto point at globally visible
programsymbols.
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(b) VLIW Code - Symbolic Form

bne X_CR0

b V25 b V47

and X63,X21,X22

addi X28,X63,1xor X24,X25,X26
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a small fragmentof PowerPCcode. Thereare no
datadependencesbetweenany of the PowerPCop-
erations,so DAISY can schedulethem into a sin-
gle VLIW instruction,as illustratedin Figure4(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 asappropriate,andthenbranchingto
a successorVLIW instruction,V25 or V47. (Note
that DAISY registersX0-X31 containintegersand
correspondto PowerPCregistersr0-r31 . We use
separatenamingto avoid confusionwhenwereferto
a register.)

Thereis an additionalwrinkle here. The DAISY
translatorcan rescheduleoperationsfrom the Pow-
erPC code,and renamethe resultsin somecases.
Here,the valuer29 usedin the addi in the Pow-
erPCcodein Figure4(a)hasbeenrenamedinto X63
in theVLIW codein Figure4(b). However, theand
operationalsorenamesits resultinto X63 insteadof
theoriginal r20 usedin thePowerPCcode.

Thismayappearincorrect,andthattheaddi will
usethe result the and asinput insteadof the value
of r29 as requiredby the PowerPCcode. How-
ever, DAISY VLIW instructionsuseparallelseman-
tics,meaningthatall inputvaluesarereadbeforeany
outputvaluesarewritten. Thus,the addi usesthe
value of X63 that exists immediatelyprior to exe-
cutingany operationsin theVLIW instruction.This
valueis r29 .

Figure4(c) shows a textual representationof the
VLIW instructionin Figure4(b). This textual rep-
resentationis useful in readingthe simulationcode
producedfor the VLIW instructionin Figure 4(d).
At thetop of Figure4(d) is codeto executetheand
operation.SinceDAISY codenot only simulatesa
PowerPC, but is simulatedon a PowerPC, this code
loadsthe valuesof DAISY registersX21 andX22

from memoryinto PowerPCregistersr30 andr29
respectively. Thesevaluesareand 'ed andsavedin a
temporarylocationcorrespondingto DAISY register
X63. DAISY registerssuchasX0-X63 arekept in
memoryandareindexedat anoffset from PowerPC
registerr13 , asarevariousotherquantitiesusedin
simulation,suchasthe addressesof certainsimula-
tion subroutines.

Thereasonthatit is savedto a temporarylocation
andnottherealX63 is to supporttheparallelseman-
ticsof DAISY'sVLIW instructions.Skippingahead
slightly to the codefor the addi at V12 3, it can
be seenthat the value of X63 is loadedinto Pow-
erPC r30. If the and had immediatelystoredthe
new valueof X63, it wouldhavebeenunavailableas
input for otheroperations,suchastheaddi .

Oncetheaddi is complete,its resultto is stored
to a temporarylocation for X28, even thoughthis
turnsoutnot to benecessary. (Clearlythesimulation
codecouldbemademoreef�cient in thisregard.)At
this point bothoperationsthatexecuteif thebne is
takenarecomplete.Hencethesimulationcodeloads
X63 from thetemporarylocationwhereit waswrit-
tenby theand andstoresit into therealX63 loca-
tion. It doesthe samefor X28, and thenbranches
to the simulationcodefor the next VLIW instruc-
tion atV47 SIM. A similarsetof operationsareper-
formedon theotherpaththroughtheVLIW instruc-
tion V12 SIM, with thexor executinginsteadof the
addi , andthetemporaryvaluesof X24 andX63 be-
ing written to memoryinsteadof X28 andX63.

Executioncontinuesin this manneruntil thesim-
ulationcodeencounterstheendof a translatedcode
fragment,atwhichpoint thesimulationcodeis hard-
wired to branchto DAISY systemcode.

Additional simulation code not shown in Fig-
ure 4(d) can be generatedto count the numberof
timeseachpath througha VLIW instructionis ex-
ecutedandto collectotherstatistics.LoadandStore
instructionsalsogo to specialmemorysubroutines
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which performthe appropriateaddressmapping,as
will bediscussedin Section2.3.

2.3 Data AddressTranslation

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

� PowerPCaddresstranslationis complicatedby
Block AddressTranslation, (BAT) whichis con-
trolled by 8 instructionand8 dataBAT regis-
ters. TheseBAT registersdirectly map 32-bit
PowerPCeffectiveaddressesto 32-bit real ad-
dresseswithout needof a page-tableor TLB
lookup. The rangeof addressesarepowersof
2 and rangefrom 128 Kbytes to 256 Mbytes.
For simplicity of hardwareandsimulation,the
DAISY DTLB always usesa 4 Kbyte granu-
larity. Thusthe128Kbyte region translatedby
a singleBAT registerrequires32 entriesin the
DAISY DTLB .

� PowerPChasmultiple forms of memorypro-
tection,with certainprotectionsassociatedwith
BATs, segment registers , and pageta-
bleentries.Many of theseprotectionsarebased
on whetherthe privilege bit (MSR.PR)
in thePowerPCMSRis set.

To handle this in a clean way, the DAISY
DTLB usesthe MSR.PRvalue as part of the
addresstag,asillustratedin Figure5. Thusdif-
ferenttranslationsandactionscanbetakende-
pendingon whetherthe emulatedPowerPCis

in privilege d modeor not. Sincepages(or
BATs) canbe further marked as read-only
or read-write , a read-only bit is made
anadditionalpartof thevalid indicatorfor each
DTLB entryandis consultedonstores .

� Not only PowerPC addressestranslatedvia
BATs or the pagetable needto be remapped
in DAISY. Even PowerPCreal accessesneed
to be translated,i.e., loadsandstoresin which
the DT (Data Translate ) bit in the Pow-
erPCMSRis off, andtheeffective addresspro-
ducedby a programis also the real address.
Theprimaryreasonthatsuchrealaccessesmust
be translatedin DAISY is to preventPowerPC
codefrom accessingDAISY memory.

DAISY handles PowerPC real accessesby
adding MSR.DT to the “address”sent to the
DTLB , as shown in Figure 5. As with
MSR.PR, thisaddressaugmentationallowsdif-
ferent translationsand actions dependingon
whetherthe emulatedPowerPCprocessorhas
datatranslationon or off.

� Another aspectof PowerPC addresstransla-
tion modeledby the DAISY DTLB are the
PowerPCWIM G bits: W=Write any store s
through the cache hierarchy, I=Inhibit any
caching,M=Memorymustbekeptcoherentfor
MP accesses,andG=Guardedmemory, i.e.,no
speculative accessesareallowed.

� DAISY's DTLB is alsovery useful in simula-
tion. PowerPCexceptionsgo to addressesbe-
tween0x0000 and0x2FFC, i.e.,to pages0,1,
and2. SincePowerPCmemorycontainsPow-
erPC codeanddata,an exceptiontransferring
controlto PowerPCcodebetween0x0000 and
0x2FFC wouldbegin executingPowerPCcode
andtheDAISY simulatorwould losecontrolof
themachine.
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Figure5: DAISY DataTLB (DTLB )

Insteadwewantexceptionsto goto theDAISY
simulator, which can in turn invoke VLIW
translationsof thePowerPCexceptionhandlers.
At the sametime, we want pages0, 1, and 2
to appearto thePowerPCcodeto be the “nor-
mal” pages0, 1, and2. DAISY's addressaug-
mentedDTLB accomplishesbothof thesegoals
by remappingPowerPCpages0, 1, and 2 to
DAISY's portionof memory, aswasshown in
Figure 3. This remappingallows the DAISY
simulatorto install its own exceptionhandlers
on realpages0, 1, and2. PowerPCis unaware
of theremappingof pages0,1, and2 to DAISY
space,andstill accessesthemvia realaddresses
between0x0000 and0x2FFC.

The simulation code for every PowerPC load
and store is augmentedwith instructionsto go
throughthe DTLB . This is illustratedin Figure 6.
Figure6(a)showsVLIW instructionV77 with asin-
gleoperation,anlwz . Figure6(b)showsthesimula-
tioncodegeneratedfor thelwz portionof theVLIW.
In essenceit passesto a subroutine,lwz simul ,

theeffectiveaddressusedby thelwz , i.e., thevalue
of X21. Thelwz simul subroutinein Figure6(c)
translatestheeffectiveaddressto arealaddressvia a
lookupin theDTLB . If therearenoalignmentprob-
lems, protectionviolations, I/O accesses,or other
problem cases,lwz r31,0(r28) performs the
desiredlwz . Control thenreturnsto thesimulation
codefor V77.

This path throughlwz has16 PowerPCopera-
tions.Thesimulationpathis muchlongerfor misses
to the DTLB , in which caseC subroutinesare in-
vokedto performaPowerPCtablewalk (if MSR.DT
is on),andupdatetheDTLB .

2.4 Exceptions

PowerPCprovidespreciseexceptionsexceptin rare
casessuch as certain types of machinecheck ex-
ceptions. ThusDAISY andits simulatormustalso
provide for precisePowerPCexceptions. To sup-
portpreciseexceptions,DAISY usesthemethodde-
scribedin [7], whichhastwo essentialpoints:
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b V78

lwz X20,0(X21)
V77:

(a) VLIW Code with LWZ op
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Figure6: SimulatingaVLIW with anlwz operationin DAISY.
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� Valuesare placedin memoryand registersin
theoriginalprogramorder.

� The addressof an excepting instruction must
be readilycomputablebasedon a registercon-
taining the currentPowerPCcodepageand a
sidetablecontainingtheoffsetwithin thePow-
erPCcodepageof thePowerPCoperationcor-
respondingto the startof eachVLIW instruc-
tion.

We now describehow theDAISY simulatorhan-
dlesexceptions. The mannerin which the DAISY
simulator implementsexceptionsdoesnot yet en-
tirely mimic how weexpectDAISY hardwarewould
behave, but it doesprovide for reasonablyef�cient
exceptionhandlingaswell asleaving hooksfor more
accuratemodelingof hardware.

DAISY dealsdifferently with synchronousand
asynchronousexceptions.Asynchronousexceptions
(suchasexternalexceptionsanddecrementerexcep-
tionsin PowerPC) occurindependentlyof currentin-
structionexecution.By contrast,synchronousexcep-
tions(suchaspage faults, protectionviolations, ille-
gal instructions, and�oating pointexceptions)occur
asa resultof executingparticularinstructions.

The subsetof PowerPC instructionswhich can
causesynchronousexceptionsis known to thetrans-
lator as well as the DAISY simulation code gen-
erator. Theseinclude all load and store op-
erations,all �oating point operations,as well as
privilege d operationslike MTMSR. As notedin
Section2.3, pagefaultsandothersynchronousex-
ceptions resulting from load s and store s are
identi�ed by explicit checksin subroutinecallsmade
for eachload andstore . If anexceptionoccurs,

1. The appropriateregisters(e.g., SRR0, SRR1,
DSISR, andDAR) areset.

2. A noteis madeof any PowerPCregisterswhich

have beenwritten to “prior” to the currentop-
eration in the currentVLIW instruction. For
simulation, the notesof registerswritten are
madeasbit masksindicatingwhich PowerPC
registershave beenwritten. Thesebit masks
areclearedat the startof eachVLIW instruc-
tion and incrementallyupdatedas the simu-
lation code for each operationin the VLIW
instruction is executed. In Figure 6(b), the
xor r14,r14,r14 initializestheVLIW in-
struction to indicate that no PowerPC inte-
ger registers have been written. The oris
r14,r14,0x10 shows the point at which
DAISY integer registerX20 is written. (X20
correspondsto PowerPC register r20 in the
codebeingsimulatedby DAISY asnotedat the
start of Section2.) Thusany PowerPCregis-
ter with its bit set,hasits valuecopiedfrom its
temporarylocationto its permanentlocationas
describedin Section2.2.

3. Thetranslationof thePowerPCexceptionhan-
dler is jumpedto if it exists. If it doesnotexist,
thenits entryis translated,andthenjumpedto.

In order to minimize exceptionprocessingover-
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 numberedDAISY
registers X63,X62, ï?ï?ï ,X FLT63,X FLT62, ï?ï?ï

and the high numberedcondition register �elds
,X CR15,X CR14, ï?ï?ï are dead. Thus, if an ex-
ceptionoccursat a groupboundary, no copying of
register valuesor interpretationof PowerPC code
is needed,as was the casefor synchronousexcep-
tions. Enabling asynchronousexceptionsonly at
groupboundarieshasthe additionaladvantage,that
whentheinterruptreturns,thereis generallyagroup
alreadyat thereturnpoint.

10



2.5 Modeling PowerPC I/O Accesses

TheDAISY simulatorrunson thebarehardwareof
an RS/6000workstationwith a PowerPC604epro-
cessor. Sincethereis no interveningoperatingsys-
temtheDAISY simulatoralwaysrunswith hardware
datatranslationoff. That is theMSR.DTbit is off in
themachine state register of theworksta-
tion on which DAISY is running. As describedin
Section2.3, DAISY doesits own translationof ad-
dressesin thePowerPCcodethatDAISY simulates.

However, the fact thatMSR.DTis off on thema-
chineon which the DAISY simulatoris run, poses
anotherproblem. In normal PowerPCcode,when
MSR.DTis on, the WIM G bits canbe usedto dis-
ablecacheswhenaccessingsuchlocations.However
whendatatranslationis off, therearenoWIM G bits,
andadefault valueof WIM G = 0011 is used.

Sincethe WIM G I bit is cleared,cachingis not
inhibited. This cachingof memory referencesis
a problemwhen DAISY simulatesPowerPCcode
which accessesI/O locations.SincetheWIM G W
bit is likewise cleared,cachereferencesare write-
back andnot write-through, somethingthatcanalso
causeproblemsin simulation.

To solve the �rst of these problems, DAISY
usesthemicro-architecturespeci�c HID0 registeron
the 604eprocessor. Appropriatesettingsof HID0
canenableanddisablecaches,�ush caches,enable
branchprediction,enableserialexecutionof instruc-
tions,andseveralotherlow level micro-architectural
functions. DAISY usesthe PowerPC operation,
dcbst (data cache block store) to force write-
throughwhen the WIM G W bit is set in the sim-
ulatedPowerPC.

3 Debugging

Debugginghasbeenoneof themostdif�cult aspects
of our work. Many bugsthatwould have beenmun-

daneandeasyto �nd in a more“normal” develop-
mentcontext have beenexceedinglydif�cult to iso-
late in DAISY. We presentsomeof the reasonsfor
thesedif�culties in thenext subsection.Thenin Sec-
tion 3.2,we outlinethebasicapproachthatwe have
takento debugging.

3.1 ProblemsDebuggingDAISY

The �a vor of bugs and the typesof dif�culties in-
volved in debugging changedover time asDAISY
reachedever further throughthe boot process.We
outline thesedif�culties in roughchronologicalor-
der:

� For the �rst 10-20 million instructions of
�rmw are, the serial port on the RS/6000ma-
chineonwhichwerunDAISY is disabled.The
parallelport is alsodisabled.(The�rmw areal-
most immediatelydisablestheseports,andso
asnot to interferewith the system,we do not
attemptto overridetheseshutoffs.)

� Sincethe serialport andparallelportsaredis-
abled,the only meansby which debug output
canbe obtainedduring this time is via a 3 hex
digit LED on the front of the machine. This
LED is assignedto a �x ed I/O address,which
merelyneedsto be written in orderto seeout-
put. However, 3 hex digitsgenerallydonotpro-
vide suf�cient debug data. Thusdebug codes
cycleat a rateof 1 secondperdigit.

� The �rst small part of the �rmw are is written
in PowerPCassemblylanguageand is stored
uncompressedin ROM. By dumpinganddisas-
semblingtheROM contents,it is possibleearly
onto getsomesemanticideaof whatis happen-
ing.

� Soonhowever, the�rmw aredecompressespart
of itself from ROM into systemRAM. Wetook
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the decompressroutines from the ROM and
usedthemto obtaina decompressedversionof
thecode.Thisactionallows somesemanticun-
derstandingfor a slightly longerperiod.

� However, someof the decompressedroutines
compriseaFORTH languageinterpreter. From
this point forward, �rmw areexecutionconsists
of the FORTH interpreterexecuting instruc-
tions, andat this point it is extremelydif�cult
to determinewhat thecodeis trying to accom-
plish at any given point. This FORTH execu-
tion occupiesabout98% of what we estimate
to be about3 billion PowerPCinstructionsex-
ecutedin the �rmw are. (This correspondsto
about300million VLIW groupsexecuted,and
takesa little over an hour underDAISY simu-
lationversusabout2 minutesin anormalboot.)

� As detailedin Section3.2,weoftenuseabinary
searchtechniquein lookingfor bugs.This tech-
niquesuccessively narrows theareain which a
bug maylie. However, it requiresrebootingthe
machinefrom scratchunderDAISY for each
value in the binary search.Even if the binary
searchneedonly look througha rangeof 1000,
10 bootsof themachinearerequired,eachtak-
ing anhourjust to reachthepointatwhichAIX
starts.

� Once the AIX kernel is loaded, a seman-
tic understandingof what code is doing be-
comesslightly easieragain, as this code all
comesfrom eitherC or PowerPCassemblylan-
guage.However, afterexecutinga few million
PowerPCinstructions,the AIX kernelenables
DECREMENTERexceptionsso asto be ableto
perform multitasking. In this threadedmulti-
taskingenvironment,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 mayoccurafterB on anotherboot.
Suchraceconditionscanmake debuggingvery
dif�cult onsomeparallelmachines[14].

� Finally a dif�culty that exists throughoutthe
boot processand beyond, is determinationof
theareacausinga bug. Is thebug in (1) VLIW
code,(2) Simulationcodefor the VLIW code,
or (3) Thesimulatorandsystemsoftware?We
have foundinstancesof each.Luckily we have
not found any bugs in the original PowerPC
code, althoughas discussedin Section4, we
have founda few peculiarities.

3.2 DebuggingApproach

As outlined in Section3.1, debugging is a dif�cult
problemwhenoperatingon a baremachineduring
a boot. Aside from usinga 3-digit LED for debug
output,asoutlinedin Section3.1, we have alsode-
velopedour own rudimentarydebugger for useon
a VT100 connectedvia a serialport to the machine
beingbooted.

The most useful debugging strategy we have so
far implementedusesa binary searchapproach2.
The binary searchapproachmakes useof the fact
thatat thestartof every group,DAISY hastheabil-
ity to switch from runningsimulatedVLIW codeto
running native PowerPCcode. Thus, if execution
is completelydeterministic,DAISY canusebinary
searchto isolatethe groupcausinga problem. For
example,if the systemcrashesif we wait for 1000
groupsto executebeforeswitching to native Pow-
erPCexecution,thenwe canseeif it alsocrashesif
wewait for only 500groupsto execute.If thesystem
doesnot crashwith 500,thenwe cantry waiting for

2This binary searchstrategy wassuggestedto usby Mayan
Moudgill.

12



750groups,andsoon in binarysearchfashion,until
we isolatetheprecisegroupwith theproblem.

Thisbinarysearchtechniqueworkswell for many
usermodeprograms,andfor debuggingthe�rmw are
during a full AIX boot. However, asnotedin Sec-
tion 3.1, onceAIX initiatesmultitasking,execution
is notdeterministic,andtheorderin whichthingsex-
ecutevariesbasedon uncontrollablefactorssuchas
whethera disk headis over a sectorto bereadwhen
a requestcomes.

4 Observations

We have madea variety of observationsin the pro-
cessof developingandusingtheDAISY simulator:

� DAISY currentlyhasabout100,000linesof C
andPowerPCassemblycode.(Thevastmajor-
ity is written in 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, ls , ping , finger ,
adsm system backup , pcal , where ,
andxmodmap.

� The RS/6000 on which we run our simula-
tions normally receives a DECREMENTERex-
ceptionaboutonceper millisecond. However,
becauseof the overheadof translationandthe
slownessof the VLIW simulationcode com-
pared to the original PowerPC code, receiv-
ing DECREMENTERexceptionsat that rateon
asimulatedDAISY systemresultsin almostall
time beingspenthandlingDECREMENTERex-
ceptions,andalmostno timespentdoing“real”
work. To overcomethis problem,our simula-
tion codedilatestime by a factorof 8.

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

– ð-ñhò in �rmw are: 2 minutes � 70 min-
utes.

– ó-óhò in AIX bootfunctions:3 minutes�

3.3hours.

– ô-ô�õöò startingX-windows: 15 seconds�

55 minutes.

WeexpectDAISY systemsto havealargercold
start penalty than traditional systemsbecause
of theoverheadin translatingcodefor the �rst
time,andthesemeasurementsseemto illustrate
thiseffect. The�rmw areis relatively small,and
hasa large amountof reuse.Consequentlythe
slowdown in executingit is a relatively small

ð-ñŒò . By contrastthe AIX operatingsystem
and X-windows are much larger, and at least
initially have less reuse,resulting in substan-
tially larger slowdowns of ÷�õ ò and ô-ô�õöò re-
spectively.

5 RelatedWork

A wealth of study hasgoneinto binary translation
and ef�cient simulationof architectures. The key
pointsof thecurrentapproachare

� The entiremachineis emulatedincludingboth
userandsystemlevel operations.

� Emulationis basedonaprecisemodelof apro-
cessor, obviating theneedfor any knowledgeof
�rmw are,operatingsystems,or peripheralde-
vicesattachedto thesystem.

� Thetargetmachineis parameterizable,thusal-
lowing explorationof futurearchitectures,with
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particularfocusin our caseon VLIW architec-
tures.

� In addition to architecturalmodeling,DAISY
also permits some compiler optimization of
translated code. These optimizations cur-
rently includescheduling,combining,store -
load telescoping,copy propagation,andlim-
iteddead-codeelimination.

� Emulation is reasonablyfast, thoughnot cur-
rently as fast as SimICS or SimOS, since
DAISY goes through the additional stepsof
emulatinga VLIW machineemulatinga Pow-
erPC, insteadof thedirectSimICS/SimOSap-
proach.

While other approachesinclude one or more of
theseaspects,weareunawareof any otherpublished
work which incorporatesall of them.

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

ATUM (AddressTracing Using Microcode) [1]
usedmicrocodeto gatherinformationonsystemper-
formanceduring all periodsof execution — both
privilege d andnon-privilege d. However, it
wasbasicallylimited to measuringtheperformance
of the machineon which it wasrun, andcould not
easilybeusedto measuretheperformanceof future
machines.

MIMIC [12] proposed a binary translation
schemefor emulatingS/370codeonanIBM PCRT.
However, MIMIC appliedonly to user code, and
hencedid not needto dealwith devicesnor model
preciseinterruptsandaddresstranslation.Thesame
holds true for Dynamo [2], FX!32 [4], and HP's
translatorfrom theHP-3000to PA-RISC[3].

DAISY's simulation techniques borrow from
someof theef�cient simulationmechanismsusedin
Shade[5]. In particular, the instructionsequences
used by DAISY for simulation, as well as how
DAISY indexes translationsareShade-like. How-
ever, like MIMIC andunlike DAISY, Shadeis for
userlevel applicationsonly.

6 Conclusion

DAISY usesdynamicbinary translationto make a
VLIW architectureappearto be a complete32-bit
PowerPCarchitecture,runningbothuserandoperat-
ing systemlevel code. Sincethe DAISY simulator
emulatesa completePowerPCprocessor, it canal-
ternatively beviewedasanemulatorlikeSimICSand
SimOS, with theability to modela completesystem
runningapplications.DAISY hassuccessfullysim-
ulatedthebootof a machinerunningAIX 4.1.5and
hassimulatedavarietyof applicationson it.
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