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Abstract

Mambo is a full-system simulator for modeling PoverPC-
basedsystems.It providesbuilding blocksfor creatingsim-
ulatorsthat rangefrom purely functionalto timing-accurate.
Functionalersionssupporfastemulationof individual Pow-
erPCinstructionsandthedevicesnecessarjor executingop-
eratingsystems.Timing-accurateversionsaddthe ability to
accountfor device timing delays,and supportthe modeling
of thePowerPCprocessomicroarchitectureWe describeour
experiencen implementingthe simulatorandits useswithin
IBM to modelfuture systemssupportearly software devel-
opmentanddesignnew systemsoftware.

1 Intr oduction

Full systemsimulatorshave emegedduring the pastdecade
asviabletoolsfor low-level systensoftwaredevelopmentand
performancevaluation.Earlier, ourteamadaptedhe SimOS
simulator platform [8] to supportthe PaverPC architec-
ture[5]. While our experiencewvassuccessfulit alsoshoved
theneedfor anindustry-strengtlimplementatiorthatis more
con gurable and amenablédo the rigors of the software en-
gineeringlife cycle. Thereforewe startedMambo, a modu-
lar full systemsimulatorthatis designedrom the groundup
to simulatethe PaverPCline of processor$6]. Theimple-
mentationsupportdifferentsimulationmodes rangingfrom
functional simulationof the PowverPCinstructions,to cycle-
accuratesimulationof anentiresystem Mamboalsoincludes
trace collection and delugging interfacesto allow detailed
analysisof the simulatedhardwareandsoftware. Seven pro-
cessor®f the PoverPCline aresupportedijncluding the 32-
bit embedded05GP[7] andthe 64-bit 970PowverPCusedin
Apple's new G5 system [1]. The processosupportincludes
interrupts, delhugging controls, caches,busses,and a large
numberof architecturafeaturesin addition,Mambomodels
memory-mapped/O devices,consolesdisks,and networks
that allow the simulatedoperatingsystemsto boot and run
programs.

To Il our needs,our designstressesnodularity and con-
gur ability. Modularity is achieved by an internal struc-
ture that featuresa modern, multithreadedsimulation core.
Thisin turnis enhancedvith variousprogrammingconstructs
that supporta modularandhighly maintainabledesign. The
constructdmplementhigherlevel abstractionso expressthe
usualcharacteristicef simulatedsystemssuchaspipelined
executionunits, and programmersuse theseabstractiongo
quickly modeldifferentsystembehaiors. Dueto this modu-
larity, ourteamis ableto experimentwith simulatorenhance-
mentsand performancemprovement,andquickly introduce
theminto the simulatorwith minimal perturbatiorto the pro-
ductionmodeoperation.

The secondfeaturestressedn the Mambo designis con g-
urability. Mambois designedasa collectionof con guration
featureghatcanbe selectedo easilyde ne avariety of pro-
cessorsand devices. Compile time and runtime parameters
allow usersto con gure nearly every featureof the system
beingsimulated.Compiletime optionsde ne majorfeatures
(suchas 32-bit or 64-bit support),while runtime optionsset
ne-grained parametersuchasamountof memory number
of processors;achegeometryetc. A partiallist of selectable
featuredncludes:

32-bitor 64-bit processodesign.
Floatingpoint registersandinstructions.

Vector Multimedia Extension(VMX) registersandin-
structions.

HardwareMulti-Threading(SMT) [12].
PClbus.

IDE disks.

Network.

CacheqL1, L2, L3, andvictim).

Bus.

Memory.

UART andconsolesupport.
Hypervisorsupport.
Addresdranslation(ERAT, SLB, TLB) [6].



Uniprocessopr multiprocessar

The simulatorrunson the x86 and PowverPCplatformsrun-
ning a range of operatingsystemsincluding Linux, AlX,
0S/X,andWindowsR . It usesTcl/Tk to provide acommand
languagendgraphicaluserinterfaceandDiskSim|[3] to pro-
vide timing-accuratelisk models.

We have usedMambosuccessfullyfor a variety of purposes,
including support of operating system development, sys-
tembringup,characterizationf applicationperformancend
power consumptionperformanceuning, and pre-hardvare
applicationdevelopment. In Section2 we describeour ex-
periencewith Mamboin more detail. We then describein
Section3 theimplementatiorof the simulationandconclude
thepaperin Sectiord.

2 Experiencewith Mambo

Like otherfull systemsimulators Mambohasproveduseful
in softwaredevelopmentandapplicationcharacterizationln
somecasesthe simulatorsenedasa platformto enablesoft-
waredevelopmenbeforethehardwareis available. As anex-
ample,ateamof researcherat IBM wasableto developthe
softwarefor Blue Gene/L[11] [4] [2] sothatwhenthe hard-
ware becameavailable, programswere running on the rst
day, andthe systemwasusablewithin a week. Similar uses
arealsoundervayfor severalarchitecturesindsystemainder
development.

It is notevorthy that Mambois usefulfor software develop-
mentevenif the hardwareis available. For example,devel-
oping low-level systemsoftware suchas operatingsystems
on the bare hardware is time consuming. Mambo includes
aninterfaceto gdb,allowing source-leel detuggingfrom the
very rst instructionof the operatingsystem.gdb attachego
Mambosothatdeveloperscanusethenormalgdbinterfaceto
delugthesimulatedoperatingsystem.Thesimulatorcansin-
gle stepthroughcodethat cannotnormally be tracedin this
way, suchasan operatingsystems rst level interrupthan-
dler. A teamof researcheratIBM hasusedthe simulatorto
supportthe developmentof the K-42 operatingsystem[10].
In their experiencethe simulatorhasadvancedheir develop-
mentscheduléy aboutayeat

Mambo also can enhancethe software-hardvare co-design
process.For example,newv hardware featuressuchas SMT
or hypervisorsupportcan be modeledand low-level system
software can be developedto examinethe useof suchfea-
turesbeforethey are nalized into hardware. Our experience
shaws that this approachhas several bene ts that straddle
software and hardware. For example,our experienceshavs
that using Mambo early in the hardware designprocessto
modelthe new featureforcesthe designergo de ne thefea-
ture well enoughto be programmed.The feedbackirom the
modelimplementatiorandthe software experiencewith the

featuremayuncovererrorsmissingfunctionalityor areaghat
were not well understood.Traditionally, suchproblemsare
not uncovereduntil a detailedVHDL modelof the hardware
is built, or even after systemsoftwarehasbeenimplemented
onthe nalized hardwareplatform. For instancejn the early
designof a PaverPCprocessqrMamborevealeda racecon-
dition thatrequiredchangingthe semanticof several bits in
acontrolregister Also, the hardwarefeaturef a hypervisor
designhadto be updatedasedon theimplementatiorof the
operatingsystemon the modeledhypervisor

The secondcategory of usingMambois in applicationchar
acterization.Mambo producesa variety of statistics,bothin
summaryand detailedform, allowing the performanceand
operationof a programto be understoodand evaluatedfor
a new hardware architecture. By associatingperformance-
affecting hardware events (e.g., cachemisses, TLB shoot
downs,andmemoryreferencesyvith the programinstruction
stream.,it is possibleto identify underperformingportions
of a programand correlatethe performanceproblemswith
resourcausage.This mayallow signi cant performancem-
provementby changinga datastructureor the positionof an
inner loop to re ect the cachearchitecture. Thesefeatures
provide an infrastructurefor characterizingapplicationand
systembehaior andperformance.

We have extendedhecharacterizatioto theemeging eld of
power-awarecomputing9]. With thehelpof powerestimates
for thevarioustasksassociatedvith executionof instructions,
ananalysisof thetotal power consumedn thecoreandmem-
ory subsystencan be carriedout. Then, one can usethis
informationto identify opportunitiesfor reducingprocessor
speed(e.g., during memory-intensie instructions)or modi-
fying the applicationstructureto reducepower consumption.

3 Implementation

3.1 Operating SystemAdaptation

While Mambois capableof booting unmodi ed operating
systemssuchasLinux, detailedsimulationof peripheralss
time intensve to implementand slows down simulation. To
improve run-timewhendetaileddevice simulationis not nec-
essary seseral changesare madeto the simulatedoperating
systento allow moredirectinteractionwith Mambo.A direct
block driver interfaceallows disk imageson the simulation
hostto be usedby the simulatedoperatingsystemanda vir-
tual Ethernetinterfaceis addedthat caneithercommunicate
to othersimulatedhostsor to real networks. Otherchanges
include procesgrackinghooks,which interactwith Mambo
statisticggatheringnfrastructure.

Figure 1 shavs a screenshobf MambobootingLinux on a
PaverPC750system.The UARTO window shows the simu-
latedconsoleandthe xtermwindow shavs the Mambocom-
mand line. Otherwindows shav the GUI interfaceand a
statistic gatheringtool. The GUI ensureseaseof use and



Figure 1: MamboGraphicalUserInterfaceduringa Linux boot.

quickidenti cation of performancéottlenecks.

3.2 Timing Models

Mamboprovidesa variety of timing modelsfor softwarede-
velopmentandfor hardware andsoftware performancesval-

uation. The simplesttiming model assumesachinstruc-
tion requiresone cycle to execute. Memory accessesre
synchronousandinstantaneousThis is a purely functional
model, and is useful for software developmentand dehug-
ging whena precisemeasurenf executiontime is notimpor-

tant. Evenin this mode,somesystemfeaturesrequiretim-

ing support.For example,l/O interruptsandtimer interrupts
arescheduledo provide at leasta crudesenseof the passing
of time. Theseinaccuraciearetoleratedgiven the intended
useof the functionalmodel. This usetradesaccuray for in-

creasedprocessingspeed. For instance,a functional model
of the 405GPprocessoexecutingon a 3.2GHz,x86 system
can simulatean averageof 4 million PowerPCinstructions
persecond.

For accurateperformanceevaluation, Mambo provides a
cycle-accurateiming model. A cycle-accurateiming model
requiresa completemodelingof the operationof the proces-
sorincludingits pipelineandfunctionalunits. Eachoperation
takesa numberof cyclesto completeandmustconsiderboth
processindime (thetime to searcha cachefor example)and
resourceconstraintge.g.,an instructioncannotbe issuedto
an add unit if that add unit is alreadyin use). This mode

of operationprovidesgoodaccuray at the expenseof longer
simulationtime. A cycle accuratemodel of the 405GPpro-
cessomwasvalidatedto be within 0.6% of real hardware,but
ran four timeslongerthanthe functional model, which was
off by 26% againstthe realhardware[9]. For morecomplex
processorsthe slowdown of the cycle accuratemodel com-
paredto the functionalmodelcanbe 10 timesor more.

A compromisebetweenthe fast, but inaccurate functional
modelandthe slower, but accurate cycle-accuratanodelis
the cycle-approximatenodel. This modelusesprobabilistic
measures$o improve timing estimatesFor example,amem-
ory referencemay (or may not) hit in the cache.A cachehit
takes a differentamountof time thana cachemiss. In the
cycle-accuratenodel,it is necessaryo modelthe cache al-
lowing Mamboto determineexactly if a particularreference
is in the cache. The cycle-accuratanodelknows if thereis
a cachehit or miss. The cycle-approximatenodeldoesnot
model the cache(henceproviding a fastersimulation), but
probabilisticallydetermineshetime for theacces$rom user
suppliedcachehit ratiosaswell asapredeterminetime for a
cachehit andcachemiss.We arecurrentlyaddingthis model
to theinfrastructure.

3.3 Multithr eadedSimulator Structure

To simplify thedevelopmeneffort while still accuratelynod-
eling hardware events,we structuredMambo as an internal
thread programmingmodel, allowing instruction execution



codeto simply pausein place(delay)asnecessary For in-
stancethemainfunctionof acachee Il requessimplylooks
asfollows:

Cache_Refill(MemAccessStruct

{
DO_DELAY(cache_to_bus_delay);
Pass_It_To_Bus(ma);
DO_DELAY(bus_to_memory_controller_delay);
Pass_It_To_Memory_Controllers(ma);
DO_DELAY(memory_controller_to_dram_delay)
Pass_It_To_Dram(ma);
DO_DELAY(dram_delay);
Pass_Back_To_Memory_Controller(ma);
DO_DELAY(memory_controller_to_bus_delay);
Pass_Back_To_Bus(ma);
DO_DELAY(bus_to_cache_delay);
Pass_Back_To_Cache(ma);

*ma)

DQDELAY() isacalltoinform thethreadschedulethatthis
threadneedgo bedelayedor thegivennumberof cycles.Be-
causeMambo's threadmodelallows simulatorsto be coded
in theway thatpresereshardwarebehaior, it candrastically
reduceprogrammingeffort andtheresultingcodeis very easy
to understand.

Mambo's threadmodel is implementedcompletelyat user
level. Switching betweenMambo threadsis almostasef -
cientasswitchingbetweerevents but shouldoccurmuchless
frequentlycomparedo a pureevent-drivensimulator

The threadprogrammingmodel hasalso introduceda host
of other programmingconstructsto expressthe constraints
of, for example,a pipeline processomodelor a multi-level

cache. All abstractionsre built on a small setof low-level

(familiar) mechanismsmost notably gate s, counter s,

aval s,andport s.

A gate is usedto expressresourcdimitationsby restricting
concurreng. A gateis createdwvith agivenwidth . A thread
canenter thenleave agate.Thegateonly allowswidth
threadssimultaneouslyin simulatedime).

A counter is used as an event signaling mechanism.
Threadscanset , increment , decrement thevalueof a
counter A threadcanblock for thecounterto haveazero
count.

An aval (active value)is usedto implementconstructdike
registerrenaming.A threadcandeclareownershipof anac-
tive value. Any threadthat attemptsto accesghis valuecan
provide a counterthatgetsdecrementeavhenthe ownersets
the nal value.

A port is the preferredmechanisnfor forking concurrent
activities. A portis associatedvith a handlerfunctionanda
dynamicpool ( x edor variablesize)of workerthreads Send-
ingamessag#o aportscheduled for processindpy aworker

threadandreturnsasynchronouslyo thecaller. Counterscan
beusedto synchronizalifferentaspect®f theinteractionbe-
tweenthe callerandthe worker.

Sincesimulationmodelsalways usethoseconstructsto ex-
presstheir dynamicbehaior andtiming characteristicsywe
have the freedomto vary the implementatiorto achieve dif-
ferentobjectves.Indeedwe arecurrentlyexploring different
modelsof multi-threadedusingoneway messagesanddis-
tributed (usingbackwardsrecovery techniques)mplementa-
tions.

3.4 PerformanceEvaluation Infrastructur e

The performanceof a programon a PoverPCsystem,even
onethatdoesnotyetexist, canbedeterminedy runningit on
Mambo. By bootingan operatingsystem suchasLinux, the
applicationcanbe executedandtimed usingstandardiming
tools running on the simulatedsystem,including operating
systeminteractions

Alternatively, applicationscanberun in "standalone’mode,
whereall operatingsystenfunctionsaresuppliedby Mambo,
andnormalOS effects,suchaspagingandschedulingdo not
occur This providesinformationthatis moredirectly aresult
of theintrinsic programdesignandimplementation.This is
usefulfor applications performanceand power characteriza-
tion.

Mambo also providesits own timing measures.In addition
to simple cycle countinformation, and summarystatistics,
Mamboprovidesan”emitter” datastream.To enhancemod-
ularity andusability, we decoupledhe performancenalysis
toolsetfrom the simulatorimplementation Ratherthanbuild
into Mamboalargesetof performanceanalysigools,Mambo
hasbeendesignedo generatea streamof events. The spe-
ci ¢ events,suchasinstructionexecution,memoryreference
addresseandcontents,TLB hits andmissescachehits and
missesandsoon, areemittedinto a circularqueuen shared
memorywherethey canbe readby other programs,called
"emitterreaders.

TheeventsthatMamboputsin the emitterdatastreamarese-
lectableby the userat run-time. In addition, eventsdeemed
"uninteresting’for a particularrun or purposecanbeignored
by emitterreadersThus,ausercanselectalargesetof events
to be emittedand simultaneouslyun several emitterreaders
that procesghe emitterdatastreamlooking for the eventsof
interestto them. Emitter readerscan computesummaryin-
formation(range average standardleviation, andhistogram
of executiontimes),or candisplaythe eventsin realtime.

Anotherapproachs to de ne anemitterreaderthatcorverts
the Mambo emitter datastream(or somesubsetof it) to a
pre-&isting traceformat. This new tracecanthenbefedinto
existing analysistools. Multiple traceformatscan be sup-
portedsimply by writing new emitterreadersarelatively sim-
ple task. Mamboitself requiresno changedor the additional
formats.



For enhancedisability, performancenalysiscanbeprovided
by the GUI basedemitterreaders. Theseprovide graphsof
memoryaccesscachemissesprocessoresourcaisageand
evenpowerusagg9], displayedagainstime. Sincetheemit-
terstreamincludesthe programcounterit is possibleto trace
interestingperformancevents suchashigh cachemissrates,
backto the speci ¢ instructionof the simulatedprogramand
evento thespeci c linesof sourcecode.

4 Conclusions

Mambois a full systemsimulatorthat hasproved usefulin
supportinglow-level systemsoftware developmentandchar
acterizingapplicationsperformancendpowerconsumption.
We have usedthe simulatorsuccessfullywithin IBM to sup-
portvariousprojects,ncludingthe Blue Genesupercomputer
and the K42 operatingsystem,amongseveral others. The
simulatorfeaturesamoderncorebasecn multithreadingand
high-level abstractionshatsupporta high degreeof modular
ity, con gurability, and easeof use. Usersof the simulator
reportsubstantiateductionin developmenttimes,increased
insightinto thehardwaredesignprocessandsuccessfuthar
acterizatiorof applicationperformanceandpower consump-
tion.

While Mambois not opensourcesoftware, it is freely avail-

ablethrougha specialicenseto partiesoutsidelBM onanas-
is basis. At thetime of this publication,it hasbeenlicensed
to 8 companiesandover 25 academidnstitutions.
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