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Abstract

In this paper, we study the space of chip multiproces-
sor (CMP) organizations. We compare the area and per-
formance trade-offs for CMP implementations to determine
how many processing cores future server CMPs should
have, whether the cores should have in-order or out-of-
order issue, and how big the per-processor on-chip caches
should be. We find that, contrary to some conventional
wisdom, out-of-order processing cores will maximize job
throughput on future CMPs. As technology shrinks, limited
off-chip bandwidth will begin to curtail the number of cores
that can be effective on a single die. Current projections
show that the transistor/signal pin ratio will increase by a
factor of 45 between 180 and 35 nanometer technologies.
That disparity will force increases in per-processor cache
capacities as technology shrinks, from 128KB at 100nm, to
256KB at 70nm, and to 1MB at 50 and 35nm, reducing the
number of cores that would otherwise be possible.

1 Intr oduction

ChipmultiprocessoréCMP) designsareapromisingap-
proachfor increasingjob throughputin seners. The rst
CMPsarestartingto appeaitin the commercialsphere no-
tably IBM' s Paver4designwhich hastwo processorsThe
CompagPiranharesearcteffort, thoughnot implemented
for acommerciaproduct,evaluatesisingCMPswith mary
small coresfor sener workloads. It is likely that future
CMPs will have considerablylarger numbersof proces-
sorsthantoday for two reasong1]. First, the superscalar
paradigmis reachingdiminishing returns, particularly as
clock scalingwill soonslow precipitously Secondglobal
wire delayswill limit the areaof the chip thatis usefulfor
a single corventionalprocessingcore. Sincea single pro-
cessingcorewill be unableto usethe bulk of the chip real
estatethe additionaltransistorswill likely be usedfor ad-
ditional cores.

In this paperwe presenthe rst studyof how CMP de-
signswill evolve as CMOS technologyis scaledto ultra-
small (35 nanometerflevices. For eachtechnologygener
ation over the next decade we determinethe CMP orga-
nizationsthat maximizetotal chip performancewhich is
equivalentto job throughputn this study We considerthe
following factors:

e Processor organization: Whether powerful out-of-
orderissueprocessorspr smaller morenumerousn-
orderprocessorgrovide superiorthroughput.

e Cache hierarchy: The amountof cachememoryper
processorthat resultsin maximal throughput. The
ideal capacityis a function of processoprganization,
memorylateng, andavailableoff-chip bandwidth.

e Off-chip bandwidth: Finite bandwidthlimits the num-
berof coresthatcanbeplacedon a chip, forcingmore
areato be devotedto on-chipcachego reduceband-
width demands.

e Application characteristics: Applicationswith differ-
ent accesyatternsrequire different CMP designsto
attainthe bestthroughput. Differentapplicationsdis-
play varying sensitvities to L2 cachecapacity result-
ing in widely varyingbandwidthdemands.

Theseconstraintdiave complec interactionsMore pow-
erful processorplacea heasier individual load on the off-
chip memorychannels,but smaller more numerouspro-
cessorgnay resultin a heavier aggreyatebandwidthload.
Largercachegeducethe numberof off-chip accesseqer
mitting moreprocessorso sharea x edbandwidth but the
larger cachesconsumesigni cant area,resultingin room
for fewer processingores.In this paper we studytherel-
ative costsin areaversusthe associategerformanceains,
shaving the organizationghat maximize performanceper
unit areafor future technologygenerations.Sinceour fo-
cusis on performancebounds,we do not considerpower
limitationsin this study

Ourresultsshowv thatthenumberof processingoresthat
maximizetotal job throughputdoesindeedgrow large with
futuretechnologiesreachingl8, 28, 23, and47 processors
at 100, 70, 50, and 35 nanometersHowever, we nd that
the usefulnumberof processorsvill belimited by off-chip
bandwidth becaus¢henumberof transistorss predictedo
increasanuchfasterthanthenumberof signalingpins[22].
We also nd that, when applicationsare not bandwidth
bound, the designthat supportsmaximal chip throughput
usespowerful out-of-ordercoreswith small (128KB) level-
two cachegercoreat 100 nanometersAt smallerfeature
sizes,asmoreprocessorgareforcedto sharememorychan-
nelsdueto restrictedpin counts,mary applicationsbegin
to be limited by memorybandwidth. In that case,larger
perprocessoicachesare necessaryo reducethe off-chip
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Figure 1. Chip-multiprocessor model.

load, resultingin ideal designsof 256KB perprocessot 2
cachesat 70nm,and1MB perprocessocachedeingideal
at50nmand35nm.

In Section2, we describehe CMP organizatiorthatwe
usefor our experimentsaswell asthe areamodelandpin
countextrapolationsthat we usefor determiningmaximal
performance/aredn Section3, we explore how shrinking
technologyanddifferentcacheand memorychannelorga-
nizationsaffect the performancef applicationsunningon
singleprocessingores.In Sectiond, we couplethe perfor
manceresultswith anareaanalysigo determinghehighest
performancdthroughput)perunit areaat eachtechnology
In Section5, we discusgherelevantcharacteristicef com-
mercial sener workloads,which we do not modelin this
study In Sectionss and7, we suney relatedwork andcon-
clude.

2 Technologymodelsfor evaluating CMP al-
ternatives

In this paper we focus on throughput-orientedvork-
loadswith no sharingof dataamongtasksto evaluatethe
areaef ciency of chip-multiprocessorsAs shown in Fig-
ure 1, our CMP modelhastwo levels of cachehierarchy
with L1 and L2 cachescoupledto individual processing
coresfor scalability An alternatve to this cachehierarchy
is aphysicallyshared_2 cache . However, the performance
of alarge monolithicL2 cachesharedoy a numberof pro-
cessorswill sharplydiminishwith advancesin fabrication
processegndincreasesn clock rates,dueto large cache
bandwidthrequirementandslow globalwires. Logical L2
cachesharingandL2 bankcoherencarepossiblen ourde-
signs,althoughtheapplicationgpresentedh this papethave
no inter-processosharing. EachL2 cacheis connectedo
the off-chip DRAM througha set of distributed memory
channels. Sincethe numberof memorychannelsis lim-
ited by physicaland economicconstraints the allocation

of the nite bandwidthmustbe consideredvhendesigning
cost-efective CMPs. Thus our modelsaccountfor time-
multiplexing of the memorychannelsand we investigate
effectsof channelcontentionon the ideal balancebetween
cacheandprocessoareaallocations.

2.1 Areamodels

An analysisof areaef ciency requiresaccurateanodels
of processingcoresand cachesof varying capacities. We
have derived a set of technology-independérareamod-
els empirically, by measuringdie photograph®f commer
cial microprocessorandnormalizingtheresultsfor feature
size[13]. To enablesimpleareatrade-ofs betweermproces-
sorcoreareasaandcachebankareasthemodelexpressesill
areain termsof cachebyte equivalentarea(CBE), whichis
the unit areafor one byte of cache,similar to the Equiva-
lentCacheTransistometricof Farrenset al. [12]. We usea
metricexpressedn bytesfor greateieasen reasoningabout
processoandcacheareatrade-ofs. The CBE includesthe
amortizedoverheaddor tags,decodersandwires,in addi-
tion to the8 SRAM cells.

For our processomodel, we consideredin-order and
out-of-orderissueprocessorsangingfrom 2-way to 8-way
issuewidths. In Table 1, we show the harmonicmeansof
IPCsof our benchmarkdistedin Section3, for eachmodel
with varyingL2 cachesize. Thenumberof ALUs arescaled
with theissuewidth. For in-ordercores,jssuewidth haslit-
tle impacton the performancebut out-of-ordercoreshave
signi cant performancémprovementfrom 2 to 4 way issue
cores. Whenthe performanceper unit areais considered,
we found 2-way in-order and 4-way out-of-orderproces-
sorsarethe mostarea-efcient models,andchosethemas
our processingcore models. Table 2 shavs the complete
con guration of the two processomodelsusedin this pa-
per Pry is asimple2-way in-orderissueprocessothatis
roughly comparableo the Alpha 21064[20]. Poyt pro-
cessolis a moreaggressie, 4-way issueout-of-orderpro-
cessorcomparableo the Alpha 21264[17]. Thesesimu-
lated processorsiave differentmicroarchitectureshanthe
Alpha 21064and Alpha 21264,but areintendedto model
processorsf similar capabilitiesmplementedvith similar
transistorbudgets. The resultsof this modelshawv thatthe
coreareaof Poyr is vetimeslargerthanthatof Pry.

This paper assumesa large but x ed sized die of
400mm? (20mmx20mm) acrossall of the technologies.
With smaller feature sizes, the available areafor cache
banksandprocessingoresincreasesTable3 displaysdie
areain termsof the cache-byte-equalents(CBE), andfor
reference)? where) is equalto onehalf of thefeaturesize.
The P;y and Poyr columnsshov how mary of eachtype
of processomwith 32KB separatd.1 instructionand data
cachescould be implementedon the chip if no L2 cache



L2 cachesize | 2-way | 4-way | 8-way
In-order 128KB 0.20 0.21 0.21
256KB 023 | 0.24 | 0.25
512KB 0.24 | 0.25 0.25
1MB 0.27 0.28 0.29
Out-of-order | 128KB 0.26 0.31 0.33
256KB 0.31 0.38 0.40
512KB 0.32 0.39 0.41
1MB 0.38 0.47 0.50

Table 1. Harmonic means of IPCs for six pro-
cessor models.

Prn Pour
Instructionissue in-order out-of-order
Issuewidth dual-issue quad-issue
Instructionwindow (entries) 16 64
Load/storequeug(entries) 16 64
Branchpredictor bimodal(2K) | 2 level (16K)
Numberof integer ALUs 2 4
Numberof oating-point ALUs 1 2
Estimateccorearea(CBE) 50KB 250KB
L1 Instructioncache 32KB 32KB
L1 Datacache 32KB 32KB
| Totalarea(core+ /D caches) | 114KB | 314KB

Table 2. Processor model parameters.

areawererequired.The primarygoalof this paperis to de-
terminethe bestbalancebetweerperprocessocachearea,
areaconsumedy differentprocessoorganizationsandthe
numberof coreson asingledie.

2.2 1/O pin bandwidth

While increasingtransistorbudgetscan accommodate
largenumberof processingoresonasinglechip,thecom-
municationbetweenthe chip andthe restof systemis both
critical for performanceandexpensve to scale. The num-
ber of signal /O pins built on a single chip is limited by
physicaltechnologyand doesnot scalewith the number
of transistors.Figure 2 shavs the projectedratio between
chip transistorcapacityand signal pin count, accordingto
the SIA Roadmapalongwith the absolutenumberof sig-
nal pins projectedto be availablein eachtechnology]22].

Gatelength | CBE (Megabytes)| M area | Pin | Pour
100nm 7.6 1.60e+11| 68 24
70nm 15.5 3.26e+11| 139 50
50nm 30.5 6.40e+11| 273 99
35nm 61.9 1.30e+12| 556 201

Table 3. Total Chip Area.
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Figure 2. Transistors per 10 pin.

While pin countis increasingthe numberof transistords
increasingat a muchhigherrate. For example,in a 35nm
technologytherewill be 45 timesmoretransistorgper pin
thanin a 180nmtechnology

Anotherfactorlimiting off-chip communicatioris that,
to date,l/O signalingspeedsiave notincreasedt the same
rateasprocessoclock rates. It is commontodayto nd a
1 GHz processoconnectedo memorythrougha 133MHz
back-sidebus. Eventhoughactive researclaimsto improve
pin bandwidthby substantiallyincreasingthe pin transfer
ratesinto the Gigabitpersecondegime[9, 11, 26|, thedis-
parity betweerthecomputatiorcapacityandoff-chip band-
width will persistfor theforeseeabléuture. For our exper
iments,we scalethe chip pin densityaccordingto the SIA
projectionsfor signal pin densityat a x ed 400mm? die
size. We scalethe pin speeddinearly with technologyat
one-halfthe speedf the processoclock. Thisratiois con-
sistentwith anext-generatiorl.6GHzprocessomcorporat-
ing the400MHz DRDRAM partswith dual-edgesignaling,
for aneffective 800MHz datatransmissiomate.

2.3 Maximizing throughput

In a CMP, the performanceon sener workloadscanbe
de ned astheaggrayateperformancef all thecoresonthe
chip. For theseworkloads,two parameters—th@umber
of cores(NN.), andthe performanceof eachcore (P;)—are
necessaryo estimatepeakperformanceP,,,, of a sener
CMP;:

Pcmpzzéiclpi

The performanceof an individual corein a CMP (P;)
is dependenbn applicationcharacteristicsuchasavailable
instructionlevel parallelism cachebehaior, andcommuni-
cationoverheadamongthreads For applicationghatspend
signi cant portionsof their executiontime in communica-
tion andsynchronizationparallelef ciency of the applica-
tionsdropsprecipitouslyandrealizedP,,, will dropbelon



peakP.,,. However, in mary sener applicationsthreads
areinitiated by independentlients,andthey rely on rela-
tively coarse-grainedatasharing(or nosharingatall), thus
resultingin high parallelef ciency.

To simplify our initial studyon CMP designswe focus
on the ILP and cachebehaior of serial applications,de-
ferring a study of applicationcommunicatiorandsynchro-
nizationeffectsto futurework. Our baseassumptiorin this
studyis thatall processesireindependenbf oneanother
whichis the casein a multiprogrammedervironment. The
metricof performancén thispapeiis totalthroughputmea-
suredin instructiongperclock (IPC).Givena x eddiesize,
this metric is equialentto an areaefciency metric. The
optimizationgoalis to balancehe numberof coreswith the
performancendbandwidthdemand®f individual cores.

3 Application characteristics

The bestallocationof processomarea,cachearea,and
bandwidthdepend®nthethecharacteristicef theapplica-
tionsin the workload. This sectioncharacterizethe appli-
cationsin this studybasedon their resourcedemands.We
chosdenapplicationdrom the SPEC200®enchmarlsuite
andthe sphinx speeclrecognitionapplicationto provide a
wide rangeof memory systembehaior. The SPEC2000
applicationdancludemesa, mgrid, equake, gcc, ammp, vpr,
parser, perlbmk, art and mcf. The experimentalresults
shav that the applicationscan be categorized by the fol-
lowing criteria:

e Processoebound:applicationasvhoseworking setsare
capturedeasilyin the L2 cache,who requirefew ex-
ternalDRAM accessesandasa resultarelargely in-
sensitve to cachecapacityandbandwidthrestrictions.
Mesa, mgrid, andequake arein this class.

e Cache-sensite: applicationswhose performanceis
limited by L2 cachecapacity aslarger cachesapture
increasingfractionsof the working sets. Gce, ammp,
vpr, parser, andperlbmk arein this class.

e Bandwidth-boundapplicationsvhoseperformances
limited strictly by the ratethat datacanbe movedbe-
tweenthe processoandthe DRAM. Theworking sets
of theapplicationsaremuchlargerthanL2 cachesize,
orthereis little locality in theaccespatterns Art, mcf,
andsphinx arein this class.

Applicationsarenot boundto oneclassor another;ithey
move amongthesethreedomainsasthe processarcache,
and bandwidthcapacitiesare modulated. To help charac-
terizethe memorybehaior of the applicationswe usethe
metric of DRAM referencegper thousandnstructions. A
DRAM referenceesultsdirectly from anL2 cachemissor

writeback. Consequentlythis metric follows directly from
thecharacteristicsef theapplicationthe L2 cachecapacity
andasshavn in Section3.4, the numberof processorsn
the CMP, dueto sharingof memorychannelsdy multiple
processingores.

3.1 Experimental methodology

We measurénstructionthroughputandmemorybeha-
ior usingthe SimpleScalatool set[5]. We con gured Sim-
pleScalatto modelboththe in-orderand out-of-orderpro-
cessorsPrny and Poyr, describedn Table2. We further
modi ed SimpleScalafor the chip-multiprocessoexperi-
mentsto run multiple copiesof the sameapplicationwith
varying numbersof memory channelsand sharingof the
channelsamongthe processorsThe memorysystemsim-
ulatesnon-blockingwrite-backcachesandbuscontention
at all levels. The L1 instructionand datacachesare two-
way setassociatie with 64-byteblocks,andthe L2 caches
arefour-way setassociatie with 128-byteblocks. To fo-
cus moredirectly on the larger L2 cachesL1 instruction
and datacachesare x ed at 32KB. For our benchmarks,
the applicationsshaw little performancemprovementwith
largerL1 cachesdueto projectedncreasean accesslelays
at smallertechnologies.We thereforeusedthe smallestof
theseequivalently performingcacheorganizationssinceit
wasthe mostareaef cient.

To simulatethe effectsof cachesizeon cacheaccesda-
teng/, we usedthe ECactitool to determineaccesdateny
asa function of cachecapacity[21, 25]. Giventhe cache
capacityassociatiity, numberof ports,andnumberof data
andaddressits, ECacti nds the bestcachecon guration
(minimal accessime) by modelingalarge numberof alter
native cacheorganizationsin this section,we useonly the
parametersf a 70nmprocessin thistechnologythecache
hit latenciesof 128KB, 256KB,512KB,and1MB are4, 5,
7,and9 cycles,respectiely.

To accounffor aggressie, next-generatiormemorysys-
temtechnologytheDRAM portionof oursimulatormodels
DirectRamlusmemorychannelsn detail[7]. Thedatabus
is clocked at 400 MHz, and dataare transferredon both
edgeof theclock. A Ramluschannelses30 pinsfor con-
trol anddatasignals,with a datawidth of 2 bytes. If more
bandwidthis neededandpins areavailable, multiple Ram-
buschannelsnaybe usedin concertto form a single,logi-
cally widermemorychannel We usetwo Ramhuschannels
for our memorychannelresultingin a total of 60 pins per
channelwith a datawidth of 4 bytes.As mentionedn Sec-
tion 2, the Ramlus DRAM clock rateis setto effectively
one-half(one-quarteclock with dual-edgeransition)that
of the processqrandassumeshatmemorychannelspeeds
will scalewith processoclocksfor futuretechnologies.

For eachapplication,the rst ve billion instructionsof
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Figure 3. IPC versus rate of DRAM accesses.

executionare skippedto avoid simulatingbenchmarkini-
tialization, andthe subsequen200 million instructionsare
simulatedn detalil.

3.2 Application resourtedemands

To investigatehe uniprocessomemoryrequirementsf
the applications,we varied the processormodel and L2
cachecapacityto modulatehe DRAM referencdrequeng.
The resultinginstructionthroughputis shovn in Figure 3,
asa function of referencerequeng. For eachapplication,
a family of pointsis plottedcorrespondindo the two pro-
cessormodels(P;y and Poyr) andL2 cachecapacities
rangingfrom 128KB to 1MB. The generalbehaior for all
of the applicationss anincreasein DRAM referencefre-
gueny as cachecapacityis decreasedresultingin a re-
ductionin IPC. Unsurprisinglythe IPC for the out-of-order
processouniformly exceedghat of thein-orderprocessar
althoughthetwo organizationsorvergeastheapplications
becomebandwidthbound,with DRAM referencdrequen-
ciesgreaterthan25 per1000instructions.We notethatthe
benchmark®xhibiting morethan4 referenceper 1000in-
structionsshav remarkablysimilar performanceasa func-
tion of DRAM accessate. Theapplicationscanbedivided
into the three cateyoriesbasedon their positionalongthe
X-axis:

e Processeboundbenchmarks:The applicationsmesa
and mgrid have few DRAM referencesper instruc-
tion. The IPC for theseprogramsis high, particu-
larly for Poyr. ThelPC, aswell asthe DRAM ref-
erencefrequeng, is largely insensitve to cacheca-
pacity Equake exhibits similar behaiior, eventhough
its DRAM referencefrequeng is much larger than
mesa andmgrid. Thus processceboundapplications
shaw relatively high IPC andhave working setssmall

enoughto t into moderatelysizedL2 caches.

e Cache-sensite benchmarks: The DRAM reference
frequengy and performanceof gcc, ammp, parser,
perlbmk, andvpr are muchmore dependentiponthe
L2 cachecapacity As cachesizesincreasethe mem-
ory referencesendto drop, makingtheseapplications
appearto be processobound, particularly when the
cachebecomedarge enoughto hold the currentwork-
ing set. With smallercachecapacitiesyeferencetre-
qgueng increasesindIPC dropssubstantially

e Bandwidth-boundbenchmarks:sphinx, art and mcf
place enormousbandwidthdemandson the off-chip
interconnect. Even though large L2 cachesreduce
DRAM referencefrequeny somavhat, the effective
lack of aworking setresultsin low IPC evenwith the
largestlMB L2 cachesBecausghel2 cachehit rate
is solow, performancds directly proportionalto the
availablebandwidth.

3.3 Processororganizationand cachesize

As shavn in Figure 3, uniprocessomperformancede-
pendsboth on the processoprganizationandcachecapac-
ity. However, the effectivenessof increasedcachecapac-
ity andout-of-orderprocessorss limited by the bandwidth
demandsf the applications.To displaythesecharacteris-
tics more clearly, Figure4 shovs the IPC, DRAM access
frequeng, andmemorychannelutilization asa function of
cachecapacity Four applicationsareshovn: mesa (proces-
sorbound),gcc (cachesensitve), andsphinx andart (band-
width bound).

Fromthis gure, we notethefollowing points.First, the
gapbetweerthe P;y and Poy7 con gurationsin columns
(a)depend®nthememorydemand®f thebenchmarkThe
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Figure 4. Effect of varying L2 cache size.

gapis thelargestfor theprocesscboundbenchmarkmesa)
, indicating that out-of-ordercoreswill be more areaef-
cient for that cateyory. For the other benchmark(gcc),
the performancef the out-of-orderandin-ordercorescon-
verges,ascachesizedropsandmorefrequentrequestsare
madeto memory

Second, the data in columns (b) indicate that larger
cachescausesharpreductionsin L2 missesfor the cache-
sensitve benchmarkgand for art when the cachegrows
sufciently large).

Finally, in columns(c) the datashow that the out-of-
ordercoresplaceheavier demandnthechannelitilization.
Thatdemandesultsfrom the Poy coresmoving thesame
guantityof dataacrosghewiresin a shortertime. We also
note that the Ramhus channelssaturateat approximately
80% utilization, dueto nite bandwidthon the command
buses.

Several working setsare clearly visible in thesedata.
Whenthel 2 cachdas increasedrom 256KBto 512KB, gcc
shifts from the cache-sensite category to beingprocessor
bound.Themissratefor art dropssigni cantly whenthelL2
cacheis increasedo 1MB. However, evenwith thatdrop,
art is still bandwidthbound,with over 50 DRAM accesses
per1000instructions.

We de ne processoboundashaving fewer than5 off-
chip accesseper 1000instructions,and bandwidthbound
asgreaterthan25. With thatde nition, it is clearthatonly
two of thebenchmarkshowvn herecouldtolerateary signif-
icantchannelsharing: gcc for cachegyreaterthan256KB,
andmesa for ary of the cachesizesthatwe measured.

3.4 Channelsharing

Channelsharingariseswhenmultiple processesire ex-
ecuting simultaneouslyon different processors.Figure 5
plots the aggreate IPC seenby a numberof processors
sharinga singlechannel. Thedatashav thatthe processor
boundjob mesa exhibits good scalingof throughputwith
increasechumbersof channelsharersgxceptfor thoseex-
perimentswith the smallest{128KB) cachesGcc scalesor
saturatesgdependingon whetherthe cacheis large enough
to hold its distinct, 400KB working set. The bandwidth-
boundjobs sphinx andart shav no improvementas more
jobsareaddedsincetheir bandwidthis thecritical resource
andalreadysaturatec@tonejob. We notethatagain theper
formanceof thein-orderandout-of-ordercorescorvergeas
applicationdecomebandwidthbound.Oncetoo mary pro-
cessorsare sharinga channel,addingmore processorsio
longerimprovesthroughputthatareawould be betterspent
increasinghe sizesof the cachesandreducingthe load on
the channel. It is exactly that area/performanceade-of
thatwe evaluatein the subsequengection. The utilization
of the channelmatchesthe throughputscaling; when the
channektartsto reachsaturationthroughputevelsoff.

In Figure6, we plot the utilization of the channelhatis
sharedby oneto eight processingcoresin gcc. Whenthe
channein gcc becomesaturatedor 128KB cache utiliza-
tion dropsasmoresharersaareadded.This counterintuitve
resultoccursbecausef decreasedow buffer locality in the
DRDRAM banks. Increasedow missescausegapsin the
Ramhuscommandusschedulewhich manifestasslightly
lower datachanneltilization.
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4 Maximizing CMP throughput

In the previous section,the resultsshaved that our ap-
plicationsputawidely varyingloadonthe memorysubsys-
tem, andthat total job throughputlevels off whenthe off-
chipbandwidthbecomesaturatedin this sectionwe com-
bineourareaanalysisvith performanceimulationsandour
technologyprojectiongo determinevhich CMP con gura-
tions will be the mostarea-etcient for future technology
generations.

4.1 Bestutilization of chip area

On the left half of Table 4, we shav the number of
processingcoresthat will t on a 400mm? chip built in
70nmtechnology(atotal of 15.5million CBE). As the per
processoicachesgrow larger, the relative differencesbe-
tweenthe areador the P;y and Poyr processorslecline.
With 128KB L2 cachesg5 Py coresand35 Poy cores
cant onachip,butwith 1MB cachesthenumberof cores
dropsto 13 and 11, respectiely. On the right half of Ta-
ble 4, we shav the numberof processocoresthatsharea

channefor eachorganization For the 128KB, P;y proces-
sors,thereareover threeprocessorsharingeachchannel,
but for large-cachalesignsthe numberof sharersdropsto
one.

In Figure7, we shov how the numberof cores,number
of channelsharers,and cachesizesaffect areaef ciency.
The y-axis measuregotal instructionsper cycle acrossall
of the processingcoreson the chip, which is equivalentto
performanceerunit area(sincetheareais heldconstanin
all experiments).We modelnon-integger numbersof chan-
nel sharerdy having someprocessorsharemorechannels
thanothers.We do notsimulateeveryprocessoonthechip,
but insteadsimulatejust enoughto computethe IPC for a
subsetof the processorsandthenscalethat resultto rep-
resentchip-level throughput;our the assumptions thatall
processorarerunningthe samejob, albeitat skewedinter-
vals.

The four graphsin Figure7 shaw, from left to right, the
total chipthroughpuin IPCfor eachof thethreebenchmark
classegprocessobound, cachesensitve, and bandwidth
bound)andthe total acrossall benchmarks.The IPCsare
computedasthe harmonicmeansof thetotal chip through-
put for the benchmarksn that class,at eachdesignpoint.
We shav themeandor eachbenchmariclass sincethehar
monic meanlPC acrossall benchmarkss heavily skewed
by the low IPCsof bandwidth-boundenchmarksOn each
graph,we shav separatéinesfor Poyr and Pry, andalso
shav the effects of two bandwidthcapacities. The rst,
called limited channels, x esthe numberof pins accord-

No. of cores || Cores/channe

L2 cachesize || Pin | Pour || Pin | Pour
No L2 139 50 6.6 2.4
64KB 89 41 4.2 1.9
128KB 65 35 3.1 1.7
256KB 42 27 2.0 1.3
512KB 25 19 1.2 1
1MB 13 11 1 1

Table 4. Number of cores and cores/channel.
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Figure 7. Best configurations.

ing to the SIA projections,and divides 4-byte wide, 60-
pin channelsup amongthe processor®n the chip (chan-
nel sharing). The secondmodel, called scaled channels,
assumeshatthe processopin countscanbe scaledto pro-
vide one60-pinchanneperprocessingore,no matterhow
mary coresexist onthedie.

For the processabound benchmarks,the most area-
efcient con guration uses Poyr coreswith 64KB L2
caches. Since those benchmarksare largely compute-
bound,the additionalcacheprovidesinsufcient bene t to
justify theareait consumesWith scaledchannelshowever,
the organizatiorthatachievespeakthroughputis P with
no L2 cache. That organization,however, would contain
140processingoresrequiring8400signalpins.

The cache-sensite applicationsshaw a differentresult,
with the bestcon guration using Poyr coreswith 256KB
L2 cachesEnoughof theworking setsarecontainedn the
L2 cachesatthatpointto make largercachesiotworth the
additionalareaconsumedWe notethatat256KB andlarger
L2 cachesthegapbetweerscaledand nite memorychan-
nelsis small. At 70nm,the gap betweentransistorcounts
andpinsis muchsmallerthanat 50 or 35nm,allowing the
limited channeldesigngo have onechannepercorefor the
largercachecon gurations.

For the bandwidth-bound@pplicationsthe con guration
using Poyr processorsvith 256KB cachess best. How-
ever, the differencebetweenPyy and Pry chip through-
putis smallandconstanficrossll cachesizes sincetheap-
plicationsarebandwidth-bounetall of themeasuredache
sizesfor bothtypesof cores.We notethatthe scaledchan-
nel throughputsare signi cantly higherthanthe nite pin
resultsfor the smaller cachesizes, becausescaledband-
width removes the bottleneckfrom the bandwidth-bound
applications. Finally, acrossall applications,we seethat
the Poyr, 256KB L2 combinationis bestfor nite band-
width. However, if eachprocessocouldhaveits own mem-
ory channel,regardlessof the numberof processorswe
notethatthe P;n, 128KB L2 organizatiorwould be best.

4.2 Technologyscaling

Figure 8 shavs how total throughputscalesfor eachof
the benchmarlclassesastechnologieshrink. Eachgraph
shavsthetotal chip throughpubbbtainedby thebestperfor
mance/aredesignat eachtechnologyfor boththe limited
andscaledchannebrganizations.

At 100nmtechnologies the limited and scaledband-
width points are similar, since the best con gurations
generally have few enough processorsto permit one
channel per core, even with a nite number of pins.
However, for smaller technologies, the gap between
bandwidth-constrainednd bandwidth-unconstraineger
formance grows signi cantly. The actual performance
achievedis relatedto the bandwidthdemand®f eachappli-
cationclassat 35nm:the processaboundapplicationssus-
tain over 100instructiongpercycle with the bestcon gura-
tion, the cache-sensite benchmarksustainover 50 IPC,
but the bandwidth-constrainedpplicationsbene t mini-
mally, improving from about2 to 3 IPC for the entire
chip. With scaledchannelstheidealcon gurationsresultin
muchlargernumbersf processorwith smallercachesand
the chip-level IPCs are signi cantly higher at about210,
100, and 18 IPC for the processoebound,cache-sensite,
andbandwidth-boundbenchmarksrespectiely.

Table 5 lists the ideal con gurations for eachof the
pointsin Figure 8. For limited channelsall of the con-
gurations useout-of-ordercores with theexceptionof the
bandwidth-boundpplicationsat 100nm. For scaledchan-
nels,smallcachesarethe norm,with 128KB for all classes
exceptfor cache-sensite, which require256KB cachesat
all technologies.

For constrainedbandwidth however, therequiredcaches
grow asthe numberof I/O pins per transistordrops. At
35nm,eventheprocessoboundbenchmarkshov anideal
con guration of 256KB (asopposedo 128KB at all other
technologies,)while the cache-sensite and bandwidth-
boundbenchmarksequire512KB and1MB L2 cachesye-
spectvely. Theselarge cachesrestrict the areaavailable
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Figure 8. Total throughput versus technology.

for moreprocessindogic, curtailingthethroughputcaling
severely.

For bandwidth-boundenchmarksthe bestnumberof
processordgor limited channelsdecrease$rom 28 to 23
whenthe gatelength shrinksfrom 70nmto 50nm. Addi-
tional areaallows larger cacheswith a big IPC boostper
core, so fewer coreswith larger cachesgive higher total
throughput.

Evenfor theideal con gurations,the large performance
gapbetweerlimited andscaledchannelorganizationsndi-
cateshatmuchof thethroughputpotentialof future CMPs
will go unrealizedif solutionsare not found to mitigate
thesebandwidthrestrictions.

5 Extrapolation to serwver applications

Thispapershovshow thebestallocationof resourcesre
determinedy thecharacteristicsf applications Giventhe
key characteristic®f any applications,including ILP and

memoryaccespatternswe couldestimatevhatresources,

Type #cores Cores/ Bestcon g Bestcon g
nm (blw unlim.) channel limited b/w b/w unlim.
100 | PB 18(18) 1.0 Poyr+128KB | Poyr+128KB

CS 14(14) 1.0 Poyr+256KB | Poyr+256KB

BW 32(32) 1.8 Prn+128KB PN +128KB

All 18(32) 1.0 Poyr+128KB Py +128KB
70 PB 36 (36) 1.7 Poyr+128KB | Poyr+128KB

CS 28(28) 1.3 Poyr+256KB | Poyr+256KB

BW 28(66) 1.3 Pour+256KB Prn+128KB

All 28(66) 1.3 Poyr+256KB Prn+128KB
50 PB 71(71) 3.0 Pour+128KB Poyr+128KB

CSs 55 (55) 2.3 Poyr+256KB Pouyr+256KB

BW 23(129) 1.0 Poyr+IMB P;n+128KB

All 23(129) 1.0 Poyr+1IMB P;n+128KB
35 PB 111(144) 4.6 Poyr+256KB | Poyr+128KB

CS 77(111) 3.2 Poyr+512KB | Poyr+256KB

BW 47 (262) 1.9 Poyr+IMB P;n+128KB

All 47 (262) 1.9 Pour+IMB Prn+128KB

Table 5. Ideal configurations across technolo-
gies for finite and unconstrained bandwidth.

amongcomputatiompower, cache andmemorybandwidth,
aremostcritical. In thissectionwebrie y discusghechar
acteristicoof databasesener workloads,andrelatethemto
theapplicationdescribedn section4.

OLTP and DSS workloadsare two of the most com-
monly usedsener workloads. As shawn in the previous
sections,the cachesystemperformance and demandson
memorybandwidth have alargeimpactonthebalancedl-
locationof on-chipresourcesBoth of the OLTP andDSS
workloadsrequirerelatively heary loadson the memory
system,comparedto the computation-boundpplications
in our study but OLTP and DSS have distinct character
istics[16, 19, 2, 4]. DSSworkloadswould easily t into
the cache-sensite applicationsin our study The L1 in-
structioncachemissratesof the DSSworkloadsareslightly
higherthanthe averagemissratesof our benchmarksbut
the working setsof theseworkloadscan t easilyin 1 or
2MB L2 caches.

OLTP workloadsrequireamoreaggressie memorysys-
temthanDSSworkloadsdo. The memorysystemcharac-
teristicsof OLTP workloadsare similar to the bandwidth-
bound applicationsin our study The most considerable
differenceis the high L1 instruction cachemiss rates of
OLTP workloads,as high as 20% for 8KB cache. How-
ever, theuni ed L2 cacheperformances within therange
of misses/instructiorwe consideredn this paper Many
of the missesare shavn to be con ict missesso 8-way 2
MB L2 cachesouldreducea substantiabmountof the L2
missesncurredby adirectmapped MB L2 cache[4].

Theoperatingsystemeffectson the overall performance
of OLTP and DSS workloadsare also differentfrom our
benchmarksin DSSworkloads,OS actvity is almostneg-
ligible. In OLTP workloadshowever, about20-30%o0f the
executiontime is spentin kernelcode. However, the ker
neldoesnotdominatehememorysystencharacteristicsf
OLTP workloads[2]. ConsequentlyOLTP andDSSwork-
loadsarelikely to have characteristicsimilar to applica-
tionspresentedn this paper

Sincethreadsn the OLTP andDSSworkloadsareshar
ing global data, our independenprocessegan not model



the effect of datatransfersfrom an L2 cachebankof one
coreto anothercore. As on-chipcachesizesincreasethese
remotelL2 cacheaccessesould reducea large amountof

external DRAM accessesand have a large impacton the
cachesizeallocationin future CMPs.

6 Relatedwork

Recentesearclanddevelopmeniprojectshave begunto
analyzeanddesignchip-multiprocessoarchitecturesThe
StanfordHydraprojectstudiedthe memoryhierarchyorga-
nization for a systemconsistingof four processingcores
and on-chip caches[14]. They further proposedmecha-
nismsfor thread-leel speculation,rst proposedby Sohi
et al. [23], to extractconcurreng from sequentiabpplica-
tionsandto avoid sequentiabottlenecksn parallelapplica-
tions. Others,including Krishnanet al. [18] and Stefanet
al. [24] have examinedmechanismso extractthread-leel
parallelismfrom sequentiabinariesfor CMPs. Theresults
from our studycanbeusedto extendprior work in CMP ar-
chitecturesgontributing areaandbandwidthmodelsto the
analysis.

In thesenerarenatheCompadPiranharesearctproject
targetshigh throughputby incorporatingeightlight-weight
single-issuan-orderprocessorsvith 64KB level-1 instruc-
tion and datacacheson a single chip [3]. The proposed
Piranhaprocessohasa 1MB 8-way multi-bankshared_2
cache,and eachL2 cachebank hasa dedicatedRamlus
memorychannel.IBM is building actualproductswith the
Pawver4 multiprocessorchip, which is optimizedfor com-
mercialsenerworkloads[10]. The Pawer4 consistsof two
out-of-orderprocessingcores,eachwith a local L1 cache
andsharingan on-chiplevel-2 cache. The accesgime to
theon-chipL2 cacheis uniform regardles®f the processor
onwhich thememoryreferenceoriginates.

Additional work hasexaminedthe ef ciency of memory
hierarchiesandproposednechanismso balanceprocessor
andmemorysystemperformanceJouppiet al. studiedthe
bestcachesizefor two level cachehierarchyof single-core
processor$l5]. Thatresearchexploredthe trade-ofs be-
tweenmissratesandlatenciesof variouscachesizes.Their
resultindicatedtwo-level cacheperformbetterthansingle-
level cacheswith thesamechip area.Farrenset al. studied
the areaef ciency of single-chipsystemsby comparinga
single-corearchitecturewith a large cacheto a multi-core
architecturewith smallercacheq12]. In their results,they
projectedincreasedareaef ciency for multi-core systems
oversinglecoresystemawith large caches.

Finally, otherresearchersave detailedtheimportanceof
memorybandwidthin uniprocessoarchitectures.Burger
et al. studiedthe bandwidthscalingtrendsfor future su-
perscalamicroarchitecture$6]. That study shoved that
pin bandwidthwould limit performancegrowth rates of

uniprocessorg they remainedntheir performancerowth
curve. We seesimilar results,exceptthat our study uses
throughput-orientedCMPs to achieve continued perfor
mancescaling. In their comparisonstudy of different
DRAM architecturesCuppuet al. examinedtheimpactof
bothlatengy andbandwidthonapplicationperformancg8].
They concludedhatasprocessoandmemoryspeedson-
tinue to diverge, increasingmemory bandwidthwill be-
comebothcritical to performanceandmorechallengingto
achieve.

7 Conclusions

Ideally, highly parallel CMP designswill offer linear
scalingof throughputwith increasingtransistorcount. In
fact,job throughputmayemepgeastheonly wayto scaleto-
tal chip performancédor general-purposapplicationspar
ring substantiaprogres@andinnovationthatreverseghedi-
minishingreturnsof currentsuperscalaprocessodesigns.
However, limited off-chip bandwidthwill alwaysconstrain
themaximumnumberof coresthatcanbe placedon achip.
A pressingquestionfor CMP designersoncernghe sever-
ity of limited bandwidth. In this studyof the CMP design
spacewe have obsenedthefollowing:

e Transistorcountsare projectedto increaseconsider
ably fasterthanpins,andtherewill be 45 timesfewer
pins per transistorat 35nmthanat 180nm. If transis-
tor countincreasesre usedto increasethe processor
count,the numberof pinsperprocessowill decrease.
Left unaddressedhat growing imbalancewill dras-
tically limit the numberof coresthat can be usedin
future technologiesand/orthe throughputthatcanbe
obtainedfrom thosecores.

e Out-of-orderissuecoresare more area-efcient than
in-orderissuecores. The arearatio of Poyr to Pry,
including 256KB L2 caches,is 1.54. Since Poyr
typically provides more thana 54% performancean-
creaseover P;y, theout-of-ordercoresaremorearea-
efcient, unlessthe applicationin questionis band-
width bound.

e For the workloadswe studied,the impact of insuf-
cient bandwidth causesthe throughput-optimalL2
cachesizesto grow from 128KB at 100nm,to 256KB
at 70nm,andto 1MB at 50 and 35nm. The channel
contentionis sufciently severethat Poyr coreswith
1MB cachesremorearea-efcient thanorganizations
with signi cantly smallercaches.

e Applications shov remarkablysimilar behaior and
performancewhen measuredagainstthe rate of off-
chip accessesThis obsenation may prove useful for



estimatingor modelingoverall performancef a CMP
on heterogeneouworkloads,as a function of band-
width demand.

The methodologyof this study has someweaknesses.
We are using SPEC2000benchmarksinstead of “typi-
cal” sener workloads,suchasweb requestprocessingor
databas@accessesWhile thoseworkloadsmay have large
datafootprints, the resultsmay not be qualitatively differ-
ent,in termsof areaef ciency, thanthoseof the SPEC2000
benchmarks.We will measuresener workloadsin future
work. Other re nementsto this study include adjusting
simulation parametergo betterre ect the on-chip laten-
cies, off-chip DRAM speedsand processorcore organi-
zationsthat will likely be speci ¢ to eachtechnology as
opposedo relying on the moreconsenrative 70nm param-
eters. Finally, it is possiblethat power consumptionwill
placea harderlimit on chip throughputthanwill memory
bandwidth. Since power distribution and cooling is hear-
ily in uenced by packagingtechnologiesand cost, we did
not considerheatdissipationlimits in this study but will
considerit in follow-onwork.

As applicationsbecomebandwidthbound, and global
wire delaysincreasean interestingscenariomay arise. It
is likely thatmonolithiccachexannotbe grown pasta cer
tain pointin 50 or 35nmtechnologiessincethewire delays
will make themtoo slow. It is alsolikely that, givena ceil-
ing on cachesize,off-chip bandwidthwill limit thenumber
of cores.Thus,Theremaybeuselessareaonthechipwhich
cannoteusedfor cacheor processindogic, andwhich per
forms no function otherthanasa placeholdeffor pin area.
That areamay be usefulto usefor compressiorengines,
or intelligentcontrollersto managehe cachesandmemory
channels.

Improved packagingor signaling speedsmay permit
greateiscaling,andevenlargernumbersf processorghan
predictedby ourstudy ReducedRAM latenciesvouldre-
sultin smallercachesaswould higherspeedinsat future
technologies.If the ideal designpoint usessmall caches,
thenthe out-of-ordercoreswould needa correspondingly
largerperformancadwantageoverin-ordercoresto remain
moreareaef cient. A greatlyimprovedmemorysubsystem
might resultin mary moresmall,in-ordercoresbeingmost
areaef cient.

In thelongterm,atremendousiumberof processorsan
be designedn future CMPsto enablescalingof through-
putwith technology However, settingthe cachehierarchy
andnumberof coresa priori will resultin poorperformance
acrossmary applicationclasses FutureCMPswould ben-
et from mechanismso supportadaptatiorto an applica-
tion's available parallelismandresourceneeds.This appli-
cation adaptivity is likely to be an importantdirection for
researchn future CMP designsandis a key focusof our
work.
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