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Abstract

In this paper, we studythe spaceof chip multiproces-
sor (CMP) organizations.We compare the area and per-
formancetrade-offsfor CMPimplementationsto determine
how many processingcores future server CMPs should
have, whetherthe cores should have in-order or out-of-
order issue, andhowbig theper-processoron-chip caches
should be. We �nd that, contrary to someconventional
wisdom,out-of-order processingcores will maximizejob
throughputon future CMPs.Astechnologyshrinks,limited
off-chip bandwidthwill begin to curtail thenumberof cores
that can be effectiveon a single die. Current projections
showthat the transistor/signalpin ratio will increaseby a
factor of 45 between180 and 35 nanometertechnologies.
That disparity will force increasesin per-processorcache
capacitiesastechnologyshrinks,from128KBat 100nm,to
256KBat 70nm,andto 1MB at 50 and35nm,reducingthe
numberof coresthatwouldotherwisebepossible.

1 Intr oduction

Chipmultiprocessors(CMP)designsareapromisingap-
proachfor increasingjob throughputin servers. The �rst
CMPsarestartingto appearin thecommercialsphere,no-
tably IBM' sPower4design,whichhastwo processors.The
CompaqPiranharesearcheffort, thoughnot implemented
for acommercialproduct,evaluatesusingCMPswith many
small coresfor server workloads. It is likely that future
CMPs will have considerablylarger numbersof proces-
sorsthantoday, for two reasons[1]. First, the superscalar
paradigmis reachingdiminishing returns,particularly as
clock scalingwill soonslow precipitously. Second,global
wire delayswill limit theareaof thechip that is usefulfor
a singleconventionalprocessingcore. Sincea singlepro-
cessingcorewill beunableto usethebulk of thechip real
estate,the additionaltransistorswill likely be usedfor ad-
ditionalcores.

In this paper, we presentthe�rst studyof how CMP de-
signswill evolve asCMOS technologyis scaledto ultra-
small (35 nanometer)devices. For eachtechnologygener-
ation over the next decade,we determinethe CMP orga-
nizationsthat maximizetotal chip performance,which is
equivalentto job throughputin this study. We considerthe
following factors:

� Processororganization: Whether powerful out-of-
orderissueprocessors,or smaller, morenumerousin-
orderprocessorsprovidesuperiorthroughput.

� Cache hierarchy: The amountof cachememoryper
processorthat results in maximal throughput. The
idealcapacityis a functionof processororganization,
memorylatency, andavailableoff-chip bandwidth.

� Off-chip bandwidth: Finite bandwidthlimits thenum-
berof coresthatcanbeplacedonachip, forcingmore
areato be devotedto on-chipcachesto reduceband-
width demands.

� Applicationcharacteristics: Applicationswith differ-
ent accesspatternsrequiredifferentCMP designsto
attainthebestthroughput.Differentapplicationsdis-
play varyingsensitivities to L2 cachecapacity, result-
ing in widely varyingbandwidthdemands.

Theseconstraintshavecomplex interactions.Morepow-
erful processorsplacea heavier individual loadon theoff-
chip memorychannels,but smaller, more numerouspro-
cessorsmay result in a heavier aggregatebandwidthload.
Largercachesreducethenumberof off-chip accesses,per-
mitting moreprocessorsto sharea �x edbandwidth,but the
larger cachesconsumesigni�cant area,resultingin room
for fewer processingcores.In this paper, we studytherel-
ative costsin areaversustheassociatedperformancegains,
showing the organizationsthat maximizeperformanceper
unit areafor future technologygenerations.Sinceour fo-
cus is on performancebounds,we do not considerpower
limitationsin this study.
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Figure 1. Chip­m ultipr ocessor model.

Ourresultsshow thatthenumberof processingcoresthat
maximizetotal job throughputdoesindeedgrow largewith
futuretechnologies,reaching18,28,23,and47 processors
at 100,70, 50, and35 nanometers.However, we �nd that
theusefulnumberof processorswill belimited by off-chip
bandwidth,becausethenumberof transistorsis predictedto
increasemuchfasterthanthenumberof signalingpins[22].
We also �nd that, when applicationsare not bandwidth
bound,the designthat supportsmaximal chip throughput
usespowerful out-of-ordercoreswith small(128KB) level-
two cachespercoreat 100nanometers.At smallerfeature
sizes,asmoreprocessorsareforcedto sharememorychan-
nelsdueto restrictedpin counts,many applicationsbegin
to be limited by memorybandwidth. In that case,larger
per-processorcachesare necessaryto reducethe off-chip
load,resultingin idealdesignsof 256KB per-processorL2
cachesat 70nm,and1MB per-processorcachesbeingideal
at50nmand35nm.

In Section2, we describetheCMP organizationthatwe
usefor our experiments,aswell astheareamodelandpin
countextrapolationsthat we usefor determiningmaximal
performance/area.In Section3, we explorehow shrinking
technologyanddifferentcacheandmemorychannelorga-
nizationsaffect theperformanceof applicationsrunningon
singleprocessingcores.In Section4, we coupletheperfor-
manceresultswith anareaanalysisto determinethehighest
performance(throughput)perunit areaat eachtechnology.
In Section5, wediscusstherelevantcharacteristicsof com-
mercialserver workloads,which we do not model in this
study. In Sections6 and7, wesurvey relatedwork andcon-
clude.

2 Technologymodelsfor evaluating CMP al-
ternatives

In this paper, we focus on throughput-orientedwork-
loadswith no sharingof dataamongtasksto evaluatethe

areaef�ciency of chip-multiprocessors.As shown in Fig-
ure 1, our CMP modelhastwo levels of cachehierarchy,
with L1 and L2 cachescoupledto individual processing
coresfor scalability. An alternative to this cachehierarchy
is a physicallysharedL2 cache.However, theperformance
of a largemonolithicL2 cachesharedby a numberof pro-
cessorswill sharplydiminish with advancesin fabrication
processesand increasesin clock rates,due to large cache
bandwidthrequirementsandslow globalwires.Logical L2
cachesharingandL2 bankcoherencearepossiblein ourde-
signs,althoughtheapplicationspresentedin thispaperhave
no inter-processorsharing.EachL2 cacheis connectedto
the off-chip DRAM througha set of distributed memory
channels. Sincethe numberof memorychannelsis lim-
ited by physicaland economicconstraints,the allocation
of the�nite bandwidthmustbeconsideredwhendesigning
cost-effective CMPs. Thus our modelsaccountfor time-
multiplexing of the memorychannels,and we investigate
effectsof channelcontentionon the idealbalancebetween
cacheandprocessorareaallocations.

2.1 Ar eamodels

An analysisof areaef�ciency requiresaccuratemodels
of processingcoresandcachesof varying capacities.We
have derived a set of technology-independent areamod-
elsempirically, by measuringdie photographsof commer-
cial microprocessorsandnormalizingtheresultsfor feature
size[13]. To enablesimpleareatrade-offs betweenproces-
sorcoreareasandcachebankareas,themodelexpressesall
areain termsof cachebyteequivalentarea(CBE),which is
the unit areafor onebyte of cache,similar to the Equiva-
lentCacheTransistormetricof Farrensetal. [12]. Weusea
metricexpressedin bytesfor greatereasein reasoningabout
processorandcacheareatrade-offs. TheCBE includesthe
amortizedoverheadsfor tags,decoders,andwires,in addi-
tion to the8 SRAM cells.

For our processormodel, we consideredin-order and
out-of-orderissueprocessorsrangingfrom 2-way to 8-way
issuewidths. In Table1, we show the harmonicmeansof
IPCsof our benchmarkslistedin Section3, for eachmodel
with varyingL2 cachesize.Thenumberof ALUs arescaled
with theissuewidth. For in-ordercores,issuewidth haslit-
tle impacton theperformance,but out-of-ordercoreshave
signi�cant performanceimprovementfrom 2 to 4 way issue
cores. Whenthe performanceper unit areais considered,
we found 2-way in-order and 4-way out-of-orderproces-
sorsarethemostarea-ef�cient models,andchosethemas
our processingcoremodels. Table 2 shows the complete
con�guration of the two processormodelsusedin this pa-
per.

��
��

is a simple2-way in-orderissueprocessorthat is
roughly comparableto the Alpha 21064[20].

�������

pro-
cessoris a moreaggressive, 4-way issueout-of-orderpro-



L2 cachesize 2-way 4-way 8-way
In-order 128KB 0.20 0.21 0.21

256KB 0.23 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.

����� �������

Instructionissue in-order out-of-order
Issuewidth dual-issue quad-issue
Instructionwindow (entries) 16 64
Load/storequeue(entries) 16 64
Branchpredictor bimodal(2K) 2 level (16K)
Numberof integerALUs 2 4
Numberof �oating-point ALUs 1 2
Estimatedcorearea(CBE) 50 KB 250KB

L1 Instructioncache 32 KB 32KB
L1 Datacache 32 KB 32KB

Total area(core+ I/D caches) 114KB 314KB

Table 2. Processor model parameter s.

cessorcomparableto the Alpha 21264[17]. Thesesimu-
latedprocessorshave differentmicroarchitecturesthanthe
Alpha 21064andAlpha 21264,but are intendedto model
processorsof similar capabilitiesimplementedwith similar
transistorbudgets.The resultsof this modelshow that the
coreareaof �� �!#" is � ve timeslargerthanthatof ��$&% .

This paper assumesa large but �x ed sized die of
')(*(*+,+.-

( /

(*+,+10

/

(2+3+

) acrossall of the technologies.
With smaller feature sizes, the available area for cache
banksandprocessingcoresincreases.Table3 displaysdie
areain termsof thecache-byte-equivalents(CBE), andfor
reference,4

-

where4 is equalto onehalf of thefeaturesize.
The ��$&% and �� �!�" columnsshow how many of eachtype
of processorwith 32KB separateL1 instructionand data
cachescould be implementedon the chip if no L2 cache
areawererequired.Theprimarygoalof this paperis to de-
terminethebestbalancebetweenper-processorcachearea,
areaconsumedby differentprocessororganizations,andthe
numberof coresonasingledie.

2.2 I/O pin bandwidth

While increasingtransistorbudgetscan accommodate
largenumbersof processingcoresonasinglechip,thecom-
municationbetweenthechip andtherestof systemis both

Gatelength CBE(Megabytes) 576 area
�#�8� �#���9�

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. Transistor s per IO pin.

critical for performanceandexpensive to scale.Thenum-
ber of signal I/O pins built on a single chip is limited by
physical technologyand doesnot scalewith the number
of transistors.Figure2 shows the projectedratio between
chip transistorcapacityandsignalpin count,accordingto
theSIA Roadmap,alongwith the absolutenumberof sig-
nal pins projectedto be availablein eachtechnology[22].
While pin countis increasing,the numberof transistorsis
increasingat a muchhigherrate. For example,in a 35nm
technologytherewill be 45 timesmoretransistorsper pin
thanin a 180nmtechnology.

Anotherfactorlimiting off-chip communicationis that,
to date,I/O signalingspeedshavenot increasedat thesame
rateasprocessorclock rates.It is commontodayto �nd a
1 GHz processorconnectedto memorythrougha 133MHz
back-sidebus.Eventhoughactiveresearchaimsto improve
pin bandwidthby substantiallyincreasingthe pin transfer
ratesinto theGigabitpersecondregime[9, 11, 26], thedis-
paritybetweenthecomputationcapacityandoff-chip band-
width will persistfor theforeseeablefuture. For our exper-
iments,we scalethechip pin densityaccordingto theSIA
projectionsfor signal pin densityat a �x ed 400

+3+:-

die
size. We scalethe pin speedslinearly with technologyat
one-halfthespeedof theprocessorclock. This ratio is con-
sistentwith anext-generation1.6GHzprocessorincorporat-
ing the400MHzDRDRAM partswith dual-edgesignaling,
for aneffective800MHzdatatransmissionrate.



2.3 Maximizing thr oughput

In a CMP, the performanceon server workloadscanbe
de�ned astheaggregateperformanceof all thecoreson the
chip. For theseworkloads,two parameters—thenumber
of cores( ;=< ), andtheperformanceof eachcore( >�? )—are
necessaryto estimatepeakperformance>�<A@CB of a server
CMP:

> <A@CBEDGFIHKJ

?MLKN

> ?

The performanceof an individual core in a CMP ( >�? )
is dependentonapplicationcharacteristicssuchasavailable
instructionlevel parallelism,cachebehavior, andcommuni-
cationoverheadamongthreads.For applicationsthatspend
signi�cant portionsof their executiontime in communica-
tion andsynchronization,parallelef�ciency of theapplica-
tionsdropsprecipitously,andrealized>

<A@CB will dropbelow
peak >

<A@CB . However, in many server applications,threads
areinitiated by independentclients,andthey rely on rela-
tively coarse-graineddatasharing(or nosharingatall), thus
resultingin high parallelef�ciency.

To simplify our initial studyon CMP designs,we focus
on the ILP and cachebehavior of serial applications,de-
ferring a studyof applicationcommunicationandsynchro-
nizationeffectsto futurework. Ourbaseassumptionin this
studyis that all processesareindependentof oneanother,
which is thecasein a multiprogrammedenvironment.The
metricof performancein thispaperis totalthroughput,mea-
suredin instructionsperclock(IPC).Givena �x eddiesize,
this metric is equivalentto an areaef�ciency metric. The
optimizationgoalis to balancethenumberof coreswith the
performanceandbandwidthdemandsof individualcores.

3 Application characteristics

The bestallocationof processorarea,cachearea,and
bandwidthdependsonthethecharacteristicsof theapplica-
tionsin theworkload. This sectioncharacterizestheappli-
cationsin this studybasedon their resourcedemands.We
chosetenapplicationsfrom theSPEC2000benchmarksuite
andthesphinxspeechrecognitionapplicationto provide a
wide rangeof memorysystembehavior. The SPEC2000
applicationsincludemesa, mgrid, equake, gcc, ammp, vpr,
parser, perlbmk, art and mcf. The experimentalresults
show that the applicationscan be categorizedby the fol-
lowing criteria:

O Processor-bound:applicationswhoseworking setsare
capturedeasily in the L2 cache,who requirefew ex-
ternalDRAM accesses,andasa resultarelargely in-
sensitive to cachecapacityandbandwidthrestrictions.
Mesa, mgrid, andequakearein this class.

O Cache-sensitive: applicationswhoseperformanceis
limited by L2 cachecapacity, aslargercachescapture
increasingfractionsof theworking sets. Gcc, ammp,
vpr, parser, andperlbmkarein this class.

O Bandwidth-bound:applicationswhoseperformanceis
limited strictly by theratethatdatacanbemovedbe-
tweentheprocessorandtheDRAM. Theworkingsets
of theapplicationsaremuchlargerthanL2 cachesize,
or thereis little locality in theaccesspatterns.Art, mcf,
andsphinxarein thisclass.

Applicationsarenot boundto oneclassor another;they
move amongthesethreedomainsas the processor, cache,
andbandwidthcapacitiesaremodulated. To help charac-
terizethememorybehavior of theapplications,we usethe
metric of DRAM referencesper thousandinstructions. A
DRAM referenceresultsdirectly from anL2 cachemissor
writeback.Consequently, this metric follows directly from
thecharacteristicsof theapplication,theL2 cachecapacity,
andasshown in Section3.4, the numberof processorsin
the CMP, dueto sharingof memorychannelsby multiple
processingcores.

3.1 Experimental methodology

We measureinstructionthroughputandmemorybehav-
ior usingtheSimpleScalartool set[5]. We con�guredSim-
pleScalarto modelboth the in-orderandout-of-orderpro-
cessors,>�P

H

and >�Q�R�S , describedin Table2. We further
modi�ed SimpleScalarfor the chip-multiprocessorexperi-
mentsto run multiple copiesof the sameapplicationwith
varying numbersof memorychannelsand sharingof the
channelsamongtheprocessors.The memorysystemsim-
ulatesnon-blocking,write-backcaches,andbuscontention
at all levels. The L1 instructionanddatacachesare two-
way setassociative with 64-byteblocks,andtheL2 caches
are four-way setassociative with 128-byteblocks. To fo-
cus more directly on the larger L2 caches,L1 instruction
and datacachesare �x ed at 32KB. For our benchmarks,
theapplicationsshow little performanceimprovementwith
largerL1 caches,dueto projectedincreasein accessdelays
at smallertechnologies.We thereforeusedthe smallestof
theseequivalentlyperformingcacheorganizations,sinceit
wasthemostareaef�cient.

To simulatetheeffectsof cachesizeon cacheaccessla-
tency, we usedtheECactitool to determineaccesslatency
asa function of cachecapacity[21, 25]. Given the cache
capacity, associativity, numberof ports,andnumberof data
andaddressbits, ECacti�nds thebestcachecon�guration
(minimalaccesstime)by modelinga largenumberof alter-
native cacheorganizations.In this section,we useonly the
parametersof a70nmprocess.In this technology, thecache
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Figure 3. IPC versus rate of DRAM accesses.

hit latenciesof 128KB,256KB,512KB,and1MB are4, 5,
7, and9 cycles,respectively.

To accountfor aggressive,next-generationmemorysys-
temtechnology, theDRAM portionof oursimulatormodels
DirectRambusmemorychannelsin detail[7]. Thedatabus
is clocked at 400 MHz, and dataare transferredon both
edgesof theclock. A Rambuschanneluses30pinsfor con-
trol anddatasignals,with a datawidth of 2 bytes. If more
bandwidthis neededandpinsareavailable,multiple Ram-
buschannelsmaybeusedin concertto form a single,logi-
cally widermemorychannel.Weusetwo Rambuschannels
for our memorychannel,resultingin a total of 60 pinsper
channelwith adatawidth of 4 bytes.As mentionedin Sec-
tion 2, the Rambus DRAM clock rate is set to effectively
one-half(one-quarterclock with dual-edgetransition)that
of theprocessor, andassumesthatmemorychannelspeeds
will scalewith processorclocksfor futuretechnologies.

For eachapplication,the �rst � ve billion instructionsof
executionareskippedto avoid simulatingbenchmarkini-
tialization,andthesubsequent200million instructionsare
simulatedin detail.

3.2 Application resourcedemands

To investigatetheuniprocessormemoryrequirementsof
the applications,we varied the processormodel and L2
cachecapacityto modulatetheDRAM referencefrequency.
The resultinginstructionthroughputis shown in Figure3,
asa functionof referencefrequency. For eachapplication,
a family of pointsis plottedcorrespondingto the two pro-
cessormodels( T�U&V and T�W�X�Y ) and L2 cachecapacities
rangingfrom 128KB to 1MB. Thegeneralbehavior for all
of the applicationsis an increasein DRAM referencefre-
quency as cachecapacityis decreased,resulting in a re-
ductionin IPC.Unsurprisingly, theIPCfor theout-of-order
processoruniformly exceedsthatof thein-orderprocessor,

althoughthetwo organizationsconvergeastheapplications
becomebandwidthbound,with DRAM referencefrequen-
ciesgreaterthan25 per1000instructions.We notethatthe
benchmarksexhibiting morethan4 referencesper1000in-
structionsshow remarkablysimilar performanceasa func-
tion of DRAM accessrate.Theapplicationscanbedivided
into the threecategoriesbasedon their positionalongthe
x-axis:

Z Processor-boundbenchmarks:The applicationsmesa
and mgrid have few DRAM referencesper instruc-
tion. The IPC for theseprogramsis high, particu-
larly for T�W�X#Y . The IPC, aswell asthe DRAM ref-
erencefrequency, is largely insensitive to cacheca-
pacity. Equake exhibits similar behavior, eventhough
its DRAM referencefrequency is much larger than
mesaandmgrid. Thus processor-boundapplications
show relatively high IPC andhave working setssmall
enoughto �t into moderatelysizedL2 caches.

Z Cache-sensitive benchmarks:The DRAM reference
frequency and performanceof gcc, ammp, parser,
perlbmk, andvpr aremuchmoredependentuponthe
L2 cachecapacity. As cachesizesincrease,themem-
ory referencestendto drop,makingtheseapplications
appearto be processor-bound,particularly when the
cachebecomeslargeenoughto hold thecurrentwork-
ing set. With smallercachecapacities,referencefre-
quency increasesandIPCdropssubstantially.

Z Bandwidth-boundbenchmarks:sphinx, art and mcf
placeenormousbandwidthdemandson the off-chip
interconnect. Even though large L2 cachesreduce
DRAM referencefrequency somewhat, the effective
lack of a working setresultsin low IPC evenwith the
largest1MB L2 caches.BecausetheL2 cachehit rate
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Figure 4. Effect of varying L2 cache size.

is so low, performanceis directly proportionalto the
availablebandwidth.

3.3 Processororganizationand cachesize

As shown in Figure 3, uniprocessorperformancede-
pendsbothon theprocessororganizationandcachecapac-
ity. However, the effectivenessof increasedcachecapac-
ity andout-of-orderprocessorsis limited by thebandwidth
demandsof theapplications.To displaythesecharacteris-
tics moreclearly, Figure4 shows the IPC, DRAM access
frequency, andmemorychannelutilization asa functionof
cachecapacity. Fourapplicationsareshown: mesa(proces-
sorbound),gcc(cachesensitive),andsphinxandart (band-
width bound).

Fromthis �gure, wenotethefollowing points.First, the
gapbetweenthe [�\&] and [�^�_�` con�gurationsin columns
(a)dependsonthememorydemandsof thebenchmark.The
gapis thelargestfor theprocessor-boundbenchmark(mesa)
, indicating that out-of-ordercoreswill be more areaef-
�cient for that category. For the other benchmark(gcc),
theperformanceof theout-of-orderandin-ordercorescon-
verges,ascachesizedropsandmorefrequentrequestsare
madeto memory.

Second,the data in columns (b) indicate that larger
cachescausesharpreductionsin L2 missesfor the cache-
sensitive benchmarks(and for art when the cachegrows
suf�ciently large).

Finally, in columns(c) the datashow that the out-of-
ordercoresplaceheavier demandonthechannelutilization.
Thatdemandresultsfrom the [

^�_#` coresmoving thesame
quantityof dataacrossthewires in a shortertime. We also
note that the Rambus channelssaturateat approximately
80% utilization, due to �nite bandwidthon the command

buses.
Several working setsare clearly visible in thesedata.

WhentheL2 cacheis increasedfrom 256KBto 512KB,gcc
shifts from thecache-sensitive category to beingprocessor
bound.Themissratefor art dropssigni�cantly whentheL2
cacheis increasedto 1MB. However, evenwith that drop,
art is still bandwidthbound,with over 50 DRAM accesses
per1000instructions.

We de�ne processorboundashaving fewer than5 off-
chip accessesper 1000instructions,andbandwidthbound
asgreaterthan25. With thatde�nition, it is clearthatonly
two of thebenchmarksshownherecouldtolerateany signif-
icant channelsharing:gcc for cachesgreaterthan256KB,
andmesafor any of thecachesizesthatwe measured.

3.4 Channel sharing

Channelsharingariseswhenmultiple processesareex-
ecutingsimultaneouslyon different processors.Figure 5
plots the aggregateIPC seenby a numberof processors
sharinga singlechannel.Thedatashow thattheprocessor-
boundjob mesaexhibits goodscalingof throughputwith
increasednumbersof channelsharers,exceptfor thoseex-
perimentswith thesmallest(128KB) caches.Gccscalesor
saturates,dependingon whetherthecacheis largeenough
to hold its distinct, 400KB working set. The bandwidth-
boundjobs sphinxandart show no improvementasmore
jobsareadded,sincetheirbandwidthis thecritical resource
andalreadysaturatedatonejob. Wenotethatagain,theper-
formanceof thein-orderandout-of-ordercoresconvergeas
applicationsbecomebandwidthbound.Oncetoomany pro-
cessorsaresharinga channel,addingmoreprocessorsno
longerimprovesthroughput;thatareawouldbebetterspent
increasingthesizesof thecachesandreducingthe loadon
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Figure 5. Performance scalability versus channel sharing.
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Figure 6. Channel utilization (%) versus chan­
nel sharing.

the channel. It is exactly that area/performancetrade-off
thatwe evaluatein thesubsequentsection.The utilization
of the channelmatchesthe throughputscaling; when the
channelstartsto reachsaturation,throughputlevelsoff.

In Figure6, we plot theutilization of thechannelthat is
sharedby oneto eight processingcoresin gcc. Whenthe
channelin gccbecomessaturatedfor 128KBcache,utiliza-
tion dropsasmoresharersareadded.This counterintuitive
resultoccursbecauseof decreasedrow buffer locality in the
DRDRAM banks. Increasedrow missescausegapsin the
Rambuscommandbusschedule,whichmanifestasslightly
lowerdatachannelutilization.

4 Maximizing CMP throughput

In the previous section,the resultsshowed that our ap-
plicationsputawidely varyingloadonthememorysubsys-
tem, andthat total job throughputlevels off whenthe off-
chipbandwidthbecomessaturated.In thissection,wecom-
bineourareaanalysiswith performancesimulationsandour
technologyprojectionsto determinewhichCMPcon�gura-
tions will be the mostarea-ef�cient for future technology

generations.

4.1 Bestutilization of chip area

On the left half of Table 4, we show the numberof
processingcoresthat will �t on a acb*b2d3dfe chip built in
70nmtechnology(a totalof 15.5million CBE).As theper-
processorcachesgrow larger, the relative differencesbe-
tweentheareasfor the g�h&i and g�j�k#l processorsdecline.
With 128KB L2 caches,65 g�h&i coresand35 g�j�k#l cores
can�t onachip,but with 1MB caches,thenumberof cores
dropsto 13 and11, respectively. On the right half of Ta-
ble 4, we show thenumberof processorcoresthat sharea
channelfor eachorganization.For the128KB, g

h&i proces-
sors,thereareover threeprocessorssharingeachchannel,
but for large-cachedesigns,thenumberof sharersdropsto
one.

In Figure7, we show how thenumberof cores,number
of channelsharers,and cachesizesaffect areaef�ciency.
The y-axis measurestotal instructionsper cycle acrossall
of theprocessingcoreson thechip, which is equivalentto
performanceperunit area(sincetheareais heldconstantin
all experiments).We modelnon-integernumbersof chan-
nel sharersby having someprocessorssharemorechannels
thanothers.Wedonotsimulateeveryprocessoronthechip,
but insteadsimulatejust enoughto computethe IPC for a
subsetof the processors,andthenscalethat result to rep-
resentchip-level throughput;our theassumptionis thatall
processorsarerunningthesamejob, albeitat skewedinter-

No. of cores Cores/channel
L2 cachesize m#n8o m�p#q9r m�n�o m�p�q�r

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/c hannel.
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Figure 7. Best con�gurations.

vals.
Thefour graphsin Figure7 show, from left to right, the

totalchipthroughputin IPCfor eachof thethreebenchmark
classes(processorbound,cachesensitive, and bandwidth
bound)andthe total acrossall benchmarks.The IPCsare
computedastheharmonicmeansof thetotal chip through-
put for the benchmarksin that class,at eachdesignpoint.
Weshow themeansfor eachbenchmarkclass,sincethehar-
monic meanIPC acrossall benchmarksis heavily skewed
by thelow IPCsof bandwidth-boundbenchmarks.Oneach
graph,we show separatelinesfor s�t�u#v and s�w�x , andalso
show the effects of two bandwidthcapacities. The �rst,
called limited channels, �x es the numberof pins accord-
ing to the SIA projections,and divides 4-byte wide, 60-
pin channelsup amongthe processorson the chip (chan-
nel sharing). The secondmodel, called scaledchannels,
assumesthattheprocessorpin countscanbescaledto pro-
videone60-pinchannelperprocessingcore,nomatterhow
many coresexist on thedie.

For the processor-bound benchmarks,the most area-
ef�cient con�guration uses s

t�u#v cores with 64KB L2
caches. Since those benchmarksare largely compute-
bound,theadditionalcacheprovidesinsuf�cient bene�t to
justify theareait consumes.With scaledchannels,however,
theorganizationthatachievespeakthroughputis syw&x with
no L2 cache. That organization,however, would contain
140processingcores,requiring8400signalpins.

Thecache-sensitiveapplicationsshow a differentresult,
with thebestcon�guration using s�t�u#v coreswith 256KB
L2 caches.Enoughof theworking setsarecontainedin the
L2 cachesat thatpoint to make largercachesnot worth the
additionalareaconsumed.Wenotethatat256KBandlarger
L2 caches,thegapbetweenscaledand�nite memorychan-
nelsis small. At 70nm,the gapbetweentransistorcounts
andpins is muchsmallerthanat 50 or 35nm,allowing the
limited channeldesignsto haveonechannelpercorefor the
larger-cachecon�gurations.

For thebandwidth-boundapplications,thecon�guration
using s

t�u#v processorswith 256KB cachesis best. How-

ever, thedifferencebetweens t�u#v and s w&x chip through-
putis smallandconstantacrossall cachesizes,sincetheap-
plicationsarebandwidth-boundatall of themeasuredcache
sizesfor bothtypesof cores.We notethatthescaledchan-
nel throughputsaresigni�cantly higher thanthe �nite pin
resultsfor the smaller cachesizes,becausescaledband-
width removes the bottleneckfrom the bandwidth-bound
applications. Finally, acrossall applications,we seethat
the s

t�u�v , 256KB L2 combinationis bestfor �nite band-
width. However, if eachprocessorcouldhaveits own mem-
ory channel,regardlessof the numberof processors,we
notethatthe s

w�x , 128KBL2 organizationwould bebest.

4.2 Technologyscaling

Figure8 shows how total throughputscalesfor eachof
thebenchmarkclasses,astechnologiesshrink. Eachgraph
showsthetotalchip throughputobtainedby thebestperfor-
mance/areadesignat eachtechnology, for both the limited
andscaledchannelorganizations.

At 100nm technologies,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-constrainedand bandwidth-unconstrainedper-
formance grows signi�cantly. The actual performance
achievedis relatedto thebandwidthdemandsof eachappli-
cationclassat35nm:theprocessor-boundapplicationssus-
tainover100instructionspercyclewith thebestcon�gura-
tion, the cache-sensitive benchmarkssustainover 50 IPC,
but the bandwidth-constrainedapplicationsbene�t mini-
mally, improving from about 2 to 3 IPC for the entire
chip. With scaledchannels,theidealcon�gurationsresultin
muchlargernumbersof processorswith smallercaches,and
the chip-level IPCs are signi�cantly higher, at about210,
100, and18 IPC for the processor-bound,cache-sensitive,
andbandwidth-boundbenchmarks,respectively.

Table 5 lists the ideal con�gurations for each of the
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Figure 8. Total thr oughput versus technology .

points in Figure 8. For limited channels,all of the con-
�gurations useout-of-ordercores,with theexceptionof the
bandwidth-boundapplicationsat 100nm. For scaledchan-
nels,smallcachesarethenorm,with 128KB for all classes
exceptfor cache-sensitive, which require256KB cachesat
all technologies.

For constrainedbandwidth,however, therequiredcaches
grow as the numberof I/O pins per transistordrops. At
35nm,eventheprocessor-boundbenchmarksshow anideal
con�guration of 256KB (asopposedto 128KB at all other
technologies,)while the cache-sensitive and bandwidth-
boundbenchmarksrequire512KBand1MB L2 caches,re-
spectively. Theselarge cachesrestrict the areaavailable
for moreprocessinglogic, curtailingthethroughputscaling
severely.

For bandwidth-boundbenchmarks,the bestnumberof
processorsfor limited channelsdecreasesfrom 28 to 23
whenthe gatelengthshrinksfrom 70nmto 50nm. Addi-
tional areaallows larger cacheswith a big IPC boostper
core, so fewer coreswith larger cachesgive higher total
throughput.

Evenfor theidealcon�gurations,thelargeperformance
gapbetweenlimited andscaledchannelorganizationsindi-
catesthatmuchof thethroughputpotentialof futureCMPs
will go unrealizedif solutionsare not found to mitigate
thesebandwidthrestrictions.

5 Extrapolation to server applications

Thispapershowshow thebestallocationof resourcesare
determinedby thecharacteristicsof applications.Giventhe
key characteristicsof any applications,including ILP and
memoryaccesspatterns,wecouldestimatewhatresources,
amongcomputationpower, cache,andmemorybandwidth,
aremostcritical. In thissection,webrie�y discussthechar-
acteristicsof databaseserver workloads,andrelatethemto
theapplicationsdescribedin section4.

OLTP and DSS workloadsare two of the most com-
monly usedserver workloads. As shown in the previous
sections,the cachesystemperformance,anddemandson

memorybandwidth,havea largeimpactonthebalancedal-
locationof on-chipresources.Both of theOLTP andDSS
workloadsrequire relatively heavy loadson the memory
system,comparedto the computation-boundapplications
in our study, but OLTP and DSS have distinct character-
istics [16, 19, 2, 4]. DSSworkloadswould easily �t into
the cache-sensitive applicationsin our study. The L1 in-
structioncachemissratesof theDSSworkloadsareslightly
higherthanthe averagemissratesof our benchmarks,but
the working setsof theseworkloadscan �t easily in 1 or
2MB L2 caches.

OLTPworkloadsrequireamoreaggressivememorysys-
tem thanDSSworkloadsdo. The memorysystemcharac-
teristicsof OLTP workloadsaresimilar to the bandwidth-
boundapplicationsin ourstudy. Themostconsiderabledif-
ferenceis thehighL1 instructioncachemissratesof OLTP
workloads,ashigh as20%. However, theuni�ed L2 cache
performanceis within the rangeof misses/instructionwe
consideredin this paper. Many of themissesareshown to
becon�ict misses,so8-way 2 MB L2 cachescouldreduce

Type # cores Cores/ Bestcon�g Bestcon�g
nm (b/w unlim.) channel limited b/w b/w unlim.
100 PB 18(18) 1.0 z){9|)} +128KB z*{9|)} +128KB

CS 14(14) 1.0 z){9|)} +256KB z*{9|)} +256KB
BW 32(32) 1.8 z*~A• +128KB z*~€• +128KB
All 18 (32) 1.0 z){9|)} +128KB z

~€• +128KB
70 PB 36(36) 1.7 z

{9|)} +128KB z
{9|)} +128KB

CS 28(28) 1.3 z){9|)} +256KB z*{9|)} +256KB
BW 28(66) 1.3 z

{9|)} +256KB z*~€• +128KB
All 28 (66) 1.3 z){9|)} +256KB z

~€•
+128KB

50 PB 71(71) 3.0 z){9|)} +128KB z*{9|)} +128KB
CS 55(55) 2.3 z

{9|)} +256KB z
{9|)} +256KB

BW 23(129) 1.0 z){9|)} +1MB z
~€• +128KB

All 23 (129) 1.0 z
{9|)} +1MB z*~€• +128KB

35 PB 111(144) 4.6 z){9|)} +256KB z*{9|)} +128KB
CS 77(111) 3.2 z

{9|)} +512KB z
{9|)} +256KB

BW 47(262) 1.9 z){9|)} +1MB z
~€•

+128KB
All 47 (262) 1.9 z

{9|)} +1MB z*~€• +128KB

Table 5. Ideal con�gurations across technolo­
gies for �nite and unconstrained band width.



a substantialamountof theL2 missesincurredby a direct
mapped8 MB L2 cache[4].

Theoperatingsystemeffectson theoverallperformance
of OLTP and DSS workloadsare also different from our
benchmarks.In DSSworkloads,OSactivity is almostneg-
ligible. In OLTP workloads,however, about20-30%of the
executiontime is spentin kernelcode. However, the ker-
neldoesnotdominatethememorysystemcharacteristicsof
OLTP workloads[2]. Consequently, OLTP andDSSwork-
loadsare likely to have characteristicssimilar to applica-
tionspresentedin this paper.

Sincethreadsin theOLTP andDSSworkloadsareshar-
ing global data,our independentprocessescannot model
the effect of datatransfersfrom an L2 cachebankof one
coreto anothercore.As on-chipcachesizesincrease,these
remoteL2 cacheaccessescould reducea large amountof
externalDRAM accesses,andhave a large impacton the
cachesizeallocationin futureCMPs.

6 Relatedwork

Recentresearchanddevelopmentprojectshavebegunto
analyzeanddesignchip-multiprocessorarchitectures.The
StanfordHydraprojectstudiedthememoryhierarchyorga-
nization for a systemconsistingof four processingcores
and on-chip caches[14]. They further proposedmecha-
nismsfor thread-level speculation,�rst proposedby Sohi
et al. [23], to extractconcurrency from sequentialapplica-
tionsandto avoid sequentialbottlenecksin parallelapplica-
tions. Others,includingKrishnanet al. [18] andSteffanet
al. [24] have examinedmechanismsto extract thread-level
parallelismfrom sequentialbinariesfor CMPs.Theresults
from ourstudycanbeusedto extendprior work in CMPar-
chitectures,contributing areaandbandwidthmodelsto the
analysis.

In theserverarena,theCompaqPiranharesearchproject
targetshigh throughputby incorporatingeight light-weight
single-issuein-orderprocessorswith 64KB level-1 instruc-
tion and datacacheson a single chip [3]. The proposed
Piranhaprocessorhasa 1MB 8-way multi-banksharedL2
cache,and eachL2 cachebank hasa dedicatedRambus
memorychannel.IBM is building actualproductswith the
Power4 multiprocessorchip, which is optimizedfor com-
mercialserverworkloads[10]. ThePower4consistsof two
out-of-orderprocessingcores,eachwith a local L1 cache
andsharingan on-chip level-2 cache. The accesstime to
theon-chipL2 cacheis uniformregardlessof theprocessor
onwhich thememoryreferenceoriginates.

Additionalwork hasexaminedtheef�ciency of memory
hierarchiesandproposedmechanismsto balanceprocessor
andmemorysystemperformance.Jouppiet al. studiedthe
bestcachesizefor two level cachehierarchyof single-core
processors[15]. That researchexploredthe trade-offs be-

tweenmissratesandlatenciesof variouscachesizes.Their
resultindicatedtwo-level cachesperformbetterthansingle-
level cacheswith thesamechip area.Farrenset al. studied
the areaef�ciency of single-chipsystemsby comparinga
single-corearchitecturewith a large cacheto a multi-core
architecturewith smallercaches[12]. In their results,they
projectedincreasedareaef�ciency for multi-coresystems
oversinglecoresystemswith largecaches.

Finally, otherresearchershavedetailedtheimportanceof
memorybandwidthin uniprocessorarchitectures.Burger
et al. studiedthe bandwidthscalingtrendsfor future su-
perscalarmicroarchitectures[6]. That study showed that
pin bandwidthwould limit performancegrowth ratesof
uniprocessorsif they remainedontheirperformancegrowth
curve. We seesimilar results,except that our study uses
throughput-orientedCMPs to achieve continued perfor-
mancescaling. In their comparisonstudy of different
DRAM architectures,Cuppuet al. examinedtheimpactof
bothlatency andbandwidthonapplicationperformance[8].
They concludedthatasprocessorandmemoryspeedscon-
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 throughputmayemergeastheonly wayto scaleto-
tal chip performancefor general-purposeapplications,bar-
ring substantialprogressandinnovationthatreversesthedi-
minishingreturnsof currentsuperscalarprocessordesigns.
However, limited off-chip bandwidthwill alwaysconstrain
themaximumnumberof coresthatcanbeplacedonachip.
A pressingquestionfor CMP designersconcernsthesever-
ity of limited bandwidth. In this studyof the CMP design
space,wehaveobservedthefollowing:

• Transistorcountsare projectedto increaseconsider-
ably fasterthanpins,andtherewill be45 timesfewer
pins per transistorat 35nmthanat 180nm. If transis-
tor countincreasesareusedto increasetheprocessor
count,thenumberof pinsperprocessorwill decrease.
Left unaddressed,that growing imbalancewill dras-
tically limit the numberof coresthat can be usedin
future technologies,and/orthethroughputthatcanbe
obtainedfrom thosecores.

• Out-of-orderissuecoresare more area-ef�cient than
in-orderissuecores.The arearatio of ‚�ƒ�„�… to ‚�†&‡ ,
including 256KB L2 caches,is 1.54. Since ‚�ƒ�„#…

typically providesmore thana 54% performancein-
creaseover ‚

†&‡ , theout-of-ordercoresaremorearea-



ef�cient, unlessthe applicationin questionis band-
width bound.

ˆ For the workloadswe studied, the impact of insuf-
�cient bandwidthcausesthe throughput-optimalL2
cachesizesto grow from 128KB at 100nm,to 256KB
at 70nm,and to 1MB at 50 and35nm. The channel
contentionis suf�ciently severethat ‰�Š�‹#Œ coreswith
1MB cachesaremorearea-ef�cient thanorganizations
with signi�cantly smallercaches.

ˆ Applications show remarkablysimilar behavior and
performancewhen measuredagainstthe rate of off-
chip accesses.This observationmayprove usefulfor
estimatingor modelingoverallperformanceof a CMP
on heterogeneousworkloads,as a function of band-
width demand.

The methodologyof this study hassomeweaknesses.
We are using SPEC2000benchmarksinstead of “typi-
cal” server workloads,suchasweb requestprocessingor
databaseaccesses.While thoseworkloadsmay have large
datafootprints, the resultsmay not be qualitatively differ-
ent,in termsof areaef�ciency, thanthoseof theSPEC2000
benchmarks.We will measureserver workloadsin future
work. Other re�nements to this study include adjusting
simulation parametersto better re�ect the on-chip laten-
cies, off-chip DRAM speeds,and processorcore organi-
zationsthat will likely be speci�c to eachtechnology, as
opposedto relying on themoreconservative 70nmparam-
eters. Finally, it is possiblethat power consumptionwill
placea harderlimit on chip throughputthanwill memory
bandwidth. Sincepower distribution andcooling is heav-
ily in�uenced by packagingtechnologiesandcost,we did
not considerheatdissipationlimits in this study, but will
considerit in follow-onwork.

As applicationsbecomebandwidthbound, and global
wire delaysincrease,an interestingscenariomay arise. It
is likely thatmonolithiccachescannotbegrown pasta cer-
tainpoint in 50or 35nmtechnologies,sincethewire delays
will make themtoo slow. It is alsolikely that,givena ceil-
ing oncachesize,off-chip bandwidthwill limit thenumber
of cores.Thus,Theremaybeuselessareaonthechipwhich
cannotbeusedfor cacheor processinglogic,andwhichper-
formsno functionotherthanasa placeholderfor pin area.
That areamay be useful to usefor compressionengines,
or intelligentcontrollersto managethecachesandmemory
channels.

Improved packagingor signaling speedsmay permit
greaterscaling,andevenlargernumbersof processors,than
predictedby ourstudy. ReducedDRAM latencieswouldre-
sult in smallercaches,aswould higher-speedpinsat future
technologies.If the ideal designpoint usessmall caches,
then the out-of-ordercoreswould needa correspondingly

largerperformanceadvantageover in-ordercoresto remain
moreareaef�cient. A greatlyimprovedmemorysubsystem
might resultin many moresmall,in-ordercoresbeingmost
areaef�cient.

In thelongterm,a tremendousnumberof processorscan
be designedon futureCMPsto enablescalingof through-
put with technology. However, settingthecachehierarchy,
andnumberof coresa priori will resultin poorperformance
acrossmany applicationclasses.FutureCMPswould ben-
e�t from mechanismsto supportadaptationto an applica-
tion's availableparallelismandresourceneeds.This appli-
cation adaptivity is likely to be an importantdirectionfor
researchin future CMP designs,andis a key focusof our
work.
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