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Abstract

Mambo is a full-systemsimulator for modelingPowerPC-
basedsystems.It providesbuilding blocksfor creatingsim-
ulatorsthat rangefrom purely functionalto timing-accurate.
Functionalversionssupportfastemulationof individualPow-
erPCinstructionsandthedevicesnecessaryfor executingop-
eratingsystems.Timing-accurateversionsaddtheability to
accountfor device timing delays,andsupportthe modeling
of thePowerPCprocessormicroarchitecture.Wedescribeour
experiencein implementingthesimulatorandits useswithin
IBM to modelfuture systems,supportearly softwaredevel-
opment,anddesignnew systemsoftware.

1 Intr oduction

Full systemsimulatorshave emergedduring thepastdecade
asviabletoolsfor low-levelsystemsoftwaredevelopmentand
performanceevaluation.Earlier, our teamadaptedtheSimOS
simulator platform [8] to support the PowerPC architec-
ture[5]. While our experiencewassuccessful,it alsoshowed
theneedfor anindustry-strengthimplementationthatis more
con�gurableandamenableto the rigors of the softwareen-
gineeringlife cycle. Thereforewe startedMambo,a modu-
lar full systemsimulatorthat is designedfrom thegroundup
to simulatethe PowerPCline of processors[6]. The imple-
mentationsupportsdifferentsimulationmodes,rangingfrom
functionalsimulationof the PowerPCinstructions,to cycle-
accuratesimulationof anentiresystem.Mamboalsoincludes
tracecollection and debugging interfacesto allow detailed
analysisof thesimulatedhardwareandsoftware. Sevenpro-
cessorsof thePowerPCline aresupported,includingthe32-
bit embedded405GP[7] andthe64-bit 970PowerPCusedin
Apple's new G5 system [1]. Theprocessorsupportincludes
interrupts,debugging controls, caches,busses,and a large
numberof architecturalfeatures.In addition,Mambomodels
memory-mappedI/O devices,consoles,disks,andnetworks
that allow the simulatedoperatingsystemsto boot and run
programs.

To �ll our needs,our designstressesmodularity and con-
�gur ability. Modularity is achieved by an internal struc-
ture that featuresa modern,multithreadedsimulationcore.
Thisin turnis enhancedwith variousprogrammingconstructs
that supporta modularandhighly maintainabledesign.The
constructsimplementhigher-level abstractionsto expressthe
usualcharacteristicsof simulatedsystems,suchaspipelined
executionunits, and programmersusetheseabstractionsto
quickly modeldifferentsystembehaviors. Dueto this modu-
larity, our teamis ableto experimentwith simulatorenhance-
mentsandperformanceimprovement,andquickly introduce
theminto thesimulatorwith minimal perturbationto thepro-
ductionmodeoperation.

The secondfeaturestressedin the Mambodesignis con�g-
urability. Mambois designedasa collectionof con�guration
featuresthatcanbeselectedto easilyde�ne a varietyof pro-
cessorsanddevices. Compile time andruntimeparameters
allow usersto con�gure nearly every featureof the system
beingsimulated.Compiletime optionsde�ne majorfeatures
(suchas32-bit or 64-bit support),while runtimeoptionsset
�ne-grainedparameterssuchasamountof memory, number
of processors,cachegeometry, etc.A partiallist of selectable
featuresincludes:

� 32-bit or 64-bit processordesign.
� Floatingpoint registersandinstructions.
� VectorMultimediaExtension(VMX) registersandin-

structions.
� HardwareMulti-Threading(SMT) [12].
� PCIbus.
� IDE disks.
� Network.
� Caches(L1, L2, L3, andvictim).
� Bus.
� Memory.
� UART andconsolesupport.
� Hypervisorsupport.
� Addresstranslation(ERAT, SLB, TLB) [6].



� Uniprocessoror multiprocessor.

The simulatorrunson the x86 andPowerPCplatformsrun-
ning a rangeof operatingsystemsincluding Linux, AIX,
OS/X,andWindowsR

�

. It usesTcl/Tk to providea command
languageandgraphicaluserinterfaceandDiskSim[3] to pro-
vide timing-accuratediskmodels.

We have usedMambosuccessfullyfor a varietyof purposes,
including support of operating system development, sys-
tembringup,characterizationof applicationperformanceand
power consumption,performancetuning, and pre-hardware
applicationdevelopment. In Section2 we describeour ex-
periencewith Mambo in more detail. We then describein
Section3 theimplementationof thesimulationandconclude
thepaperin Section4.

2 Experiencewith Mambo

Like otherfull systemsimulators,Mambohasproveduseful
in softwaredevelopmentandapplicationcharacterization.In
somecases,thesimulatorservedasa platformto enablesoft-
waredevelopmentbeforethehardwareis available.As anex-
ample,a teamof researchersat IBM wasableto developthe
softwarefor Blue Gene/L[11] [4] [2] sothatwhenthehard-
ware becameavailable, programswere running on the �rst
day, andthesystemwasusablewithin a week. Similar uses
arealsounderwayfor severalarchitecturesandsystemsunder
development.

It is noteworthy that Mambois useful for softwaredevelop-
menteven if the hardwareis available. For example,devel-
oping low-level systemsoftware suchas operatingsystems
on the barehardware is time consuming. Mambo includes
aninterfaceto gdb,allowing source-leveldebuggingfrom the
very �rst instructionof theoperatingsystem.gdbattachesto
Mambosothatdeveloperscanusethenormalgdbinterfaceto
debugthesimulatedoperatingsystem.Thesimulatorcansin-
gle stepthroughcodethat cannotnormally be tracedin this
way, suchasan operatingsystem's �rst level interrupthan-
dler. A teamof researchersat IBM hasusedthesimulatorto
supportthe developmentof theK-42 operatingsystem[10].
In theirexperience,thesimulatorhasadvancedtheirdevelop-
mentscheduleby aboutayear.

Mambo also can enhancethe software-hardware co-design
process.For example,new hardwarefeaturessuchasSMT
or hypervisorsupportcanbe modeledandlow-level system
software can be developedto examinethe useof suchfea-
turesbeforethey are�nalized into hardware.Our experience
shows that this approachhas several bene�ts that straddle
softwareandhardware. For example,our experienceshows
that using Mambo early in the hardware designprocessto
modelthenew featureforcesthedesignersto de�ne thefea-
turewell enoughto beprogrammed.Thefeedbackfrom the
modelimplementationandthe softwareexperiencewith the

featuremayuncovererrors,missingfunctionalityorareasthat
werenot well understood.Traditionally, suchproblemsare
not uncovereduntil a detailedVHDL modelof thehardware
is built, or evenaftersystemsoftwarehasbeenimplemented
on the�nalized hardwareplatform. For instance,in theearly
designof a PowerPCprocessor, Mamborevealeda racecon-
dition that requiredchangingthesemanticsof severalbits in
acontrolregister. Also, thehardwarefeaturesof ahypervisor
designhadto beupdatedbasedon theimplementationof the
operatingsystemon themodeledhypervisor.

Thesecondcategory of usingMambois in applicationchar-
acterization.Mamboproducesa varietyof statistics,both in
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,andmemoryreferences)with theprograminstruction
stream,it is possibleto identify under-performingportions
of a programand correlatethe performanceproblemswith
resourceusage.This mayallow signi�cant performanceim-
provementby changinga datastructureor thepositionof an
inner loop to re�ect the cachearchitecture. Thesefeatures
provide an infrastructurefor characterizingapplicationand
systembehavior andperformance.

Wehaveextendedthecharacterizationto theemerging�eld of
power-awarecomputing[9]. With thehelpof powerestimates
for thevarioustasksassociatedwith executionof instructions,
ananalysisof thetotalpowerconsumedin thecoreandmem-
ory subsystemcan be carriedout. Then, one can usethis
information to identify opportunitiesfor reducingprocessor
speed(e.g.,during memory-intensive instructions)or modi-
fying theapplicationstructureto reducepowerconsumption.

3 Implementation

3.1 Operating SystemAdaptation
While Mambo is capableof booting unmodi�ed operating
systemssuchasLinux, detailedsimulationof peripheralsis
time intensive to implementandslows down simulation. To
improverun-timewhendetaileddevicesimulationis notnec-
essary, several changesaremadeto the simulatedoperating
systemto allow moredirectinteractionwith Mambo.A direct
block driver interfaceallows disk imageson the simulation
hostto beusedby thesimulatedoperatingsystem,anda vir-
tual Ethernetinterfaceis addedthat caneithercommunicate
to othersimulatedhostsor to real networks. Otherchanges
includeprocesstrackinghooks,which interactwith Mambo
statisticsgatheringinfrastructure.

Figure 1 shows a screenshotof MambobootingLinux on a
PowerPC750system.TheUART0 window shows thesimu-
latedconsoleandthextermwindow shows theMambocom-
mand line. Other windows show the GUI interfaceand a
statistic gatheringtool. The GUI ensureseaseof useand



Figure1: MamboGraphicalUserInterfaceduringa Linux boot.

quick identi�cation of performancebottlenecks.

3.2 Timing Models
Mamboprovidesa varietyof timing modelsfor softwarede-
velopmentandfor hardwareandsoftwareperformanceeval-
uation. The simplest timing model assumeseachinstruc-
tion requiresone cycle to execute. Memory accessesare
synchronousand instantaneous.This is a purely functional
model, and is useful for software developmentand debug-
ging whena precisemeasureof executiontime is not impor-
tant. Even in this mode,somesystemfeaturesrequiretim-
ing support.For example,I/O interruptsandtimer interrupts
arescheduledto provideat leasta crudesenseof thepassing
of time. Theseinaccuraciesaretoleratedgiven the intended
useof thefunctionalmodel. This usetradesaccuracy for in-
creasedprocessingspeed. For instance,a functionalmodel
of the405GPprocessorexecutingon a 3.2GHz,x86 system
can simulatean averageof 4 million PowerPCinstructions
persecond.

For accurateperformanceevaluation, Mambo provides a
cycle-accuratetiming model.A cycle-accuratetiming model
requiresa completemodelingof theoperationof theproces-
sorincludingits pipelineandfunctionalunits.Eachoperation
takesa numberof cyclesto completeandmustconsiderboth
processingtime(thetime to searchacache,for example)and
resourceconstraints(e.g.,an instructioncannotbe issuedto
an add unit if that add unit is alreadyin use). This mode

of operationprovidesgoodaccuracy at theexpenseof longer
simulationtime. A cycle accuratemodelof the405GPpro-
cessorwasvalidatedto bewithin 0.6%of realhardware,but
ran four times longer thanthe functionalmodel,which was
off by 26%againsttherealhardware[9]. For morecomplex
processors,the slowdown of the cycle accuratemodelcom-
paredto thefunctionalmodelcanbe10 timesor more.

A compromisebetweenthe fast, but inaccurate,functional
modelandthe slower, but accurate,cycle-accuratemodel is
the cycle-approximatemodel. This modelusesprobabilistic
measuresto improve timing estimates.For example,a mem-
ory referencemay(or maynot) hit in thecache.A cachehit
takes a differentamountof time than a cachemiss. In the
cycle-accuratemodel,it is necessaryto modelthecache,al-
lowing Mamboto determineexactly if a particularreference
is in the cache. The cycle-accuratemodelknows if thereis
a cachehit or miss. The cycle-approximatemodeldoesnot
model the cache(henceproviding a fastersimulation),but
probabilisticallydeterminesthetimefor theaccessfrom user-
suppliedcachehit ratiosaswell asapredeterminedtimefor a
cachehit andcachemiss.We arecurrentlyaddingthismodel
to theinfrastructure.

3.3 Multithr eadedSimulator Structur e
To simplify thedevelopmenteffort while still accuratelymod-
eling hardwareevents,we structuredMamboasan internal
threadprogrammingmodel, allowing instruction execution



codeto simply pausein place(delay)asnecessary. For in-
stance,themainfunctionof acachere�ll requestsimplylooks
asfollows:

Cache_Refill(MemAccessStruct *ma)
{

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);

}

DODELAY() is acall to inform thethreadschedulerthatthis
threadneedsto bedelayedfor thegivennumberof cycles.Be-
causeMambo's threadmodelallows simulatorsto be coded
in thewaythatpreserveshardwarebehavior, it candrastically
reduceprogrammingeffort andtheresultingcodeis veryeasy
to understand.

Mambo's threadmodel is implementedcompletelyat user
level. SwitchingbetweenMambothreadsis almostasef�-
cientasswitchingbetweenevents,but shouldoccurmuchless
frequentlycomparedto a pureevent-drivensimulator.

The threadprogrammingmodel hasalso introduceda host
of other programmingconstructsto expressthe constraints
of, for example,a pipelineprocessormodelor a multi-level
cache. All abstractionsarebuilt on a small setof low-level
(familiar) mechanisms,most notably, gate s, counter s,
aval s,andport s.

A gate is usedto expressresourcelimitationsby restricting
concurrency. A gateis createdwith agivenwidth . A thread
canenter thenleave agate.Thegateonly allowswidth
threadssimultaneously(in simulatedtime).

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

An aval (active value)is usedto implementconstructslike
registerrenaming.A threadcandeclareownershipof anac-
tive value. Any threadthatattemptsto accessthis valuecan
providea counterthatgetsdecrementedwhentheownersets
the�nal value.

A port is the preferredmechanismfor forking concurrent
activities. A port is associatedwith a handlerfunctionanda
dynamicpool(�x edor variablesize)of workerthreads.Send-
ingamessageto aportschedulesit for processingby aworker

threadandreturnsasynchronouslyto thecaller. Counterscan
beusedto synchronizedifferentaspectsof theinteractionbe-
tweenthecallerandtheworker.

Sincesimulationmodelsalwaysusethoseconstructsto ex-
presstheir dynamicbehavior and timing characteristics,we
have the freedomto vary the implementationto achieve dif-
ferentobjectives.Indeed,wearecurrentlyexploringdifferent
modelsof multi-threaded(usingoneway messages)anddis-
tributed(usingbackwardsrecovery techniques)implementa-
tions.

3.4 PerformanceEvaluation Infrastructur e
The performanceof a programon a PowerPCsystem,even
onethatdoesnotyetexist, canbedeterminedby runningit on
Mambo. By bootinganoperatingsystem,suchasLinux, the
applicationcanbeexecutedandtimedusingstandardtiming
tools running on the simulatedsystem,including operating
systeminteractions.

Alternatively, applicationscanberun in ”standalone”mode,
whereall operatingsystemfunctionsaresuppliedby Mambo,
andnormalOSeffects,suchaspagingandschedulingdo not
occur. Thisprovidesinformationthatis moredirectlyaresult
of the intrinsic programdesignandimplementation.This is
usefulfor application'sperformanceandpowercharacteriza-
tion.

Mamboalsoprovidesits own timing measures.In addition
to simple cycle count information, and summarystatistics,
Mamboprovidesan”emitter” datastream.To enhancemod-
ularity andusability, we decoupledtheperformanceanalysis
toolsetfrom thesimulatorimplementation.Ratherthanbuild
into Mamboalargesetof performanceanalysistools,Mambo
hasbeendesignedto generatea streamof events. The spe-
ci�c events,suchasinstructionexecution,memoryreference
addressesandcontents,TLB hits andmisses,cachehits and
misses,andsoon,areemittedinto a circularqueuein shared
memorywherethey can be readby other programs,called
”emitter readers.”

TheeventsthatMamboputsin theemitterdatastreamarese-
lectableby the userat run-time. In addition,eventsdeemed
”uninteresting”for aparticularrunor purposecanbeignored
by emitterreaders.Thus,ausercanselectalargesetof events
to beemittedandsimultaneouslyrun severalemitterreaders
thatprocesstheemitterdatastreamlooking for theeventsof
interestto them. Emitter readerscancomputesummaryin-
formation(range,average,standarddeviation,andhistogram
of executiontimes),or candisplaytheeventsin realtime.

Anotherapproachis to de�ne anemitterreaderthatconverts
the Mambo emitter datastream(or somesubsetof it) to a
pre-existing traceformat.Thisnew tracecanthenbefed into
existing analysistools. Multiple traceformatscan be sup-
portedsimplybywriting new emitterreaders,arelativelysim-
ple task.Mamboitself requiresno changesfor theadditional
formats.



For enhancedusability, performanceanalysiscanbeprovided
by the GUI basedemitter readers.Theseprovide graphsof
memoryaccess,cachemisses,processorresourceusage,and
evenpowerusage[9], displayedagainsttime. Sincetheemit-
terstreamincludestheprogramcounter, it is possibleto trace
interestingperformanceevents,suchashighcachemissrates,
backto thespeci�c instructionof thesimulatedprogramand
evento thespeci�c linesof sourcecode.

4 Conclusions

Mambois a full systemsimulatorthat hasproved useful in
supportinglow-level systemsoftwaredevelopmentandchar-
acterizingapplications'performanceandpowerconsumption.
We have usedthesimulatorsuccessfullywithin IBM to sup-
portvariousprojects,includingtheBlueGenesupercomputer
and the K42 operatingsystem,amongseveral others. The
simulatorfeaturesamoderncorebasedonmultithreadingand
high-levelabstractionsthatsupportahighdegreeof modular-
ity, con�gurability, andeaseof use. Usersof the simulator
reportsubstantialreductionin developmenttimes,increased
insightinto thehardwaredesignprocess,andsuccessfulchar-
acterizationof applicationperformanceandpower consump-
tion.

While Mambois not opensourcesoftware,it is freely avail-
ablethroughaspeciallicenseto partiesoutsideIBM onanas-
is basis.At the time of this publication,it hasbeenlicensed
to 8 companiesandover25academicinstitutions.
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