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Tbfindoptimalpipelinedesignpointbyconsideringbothperfbrmanceandpowcrobjectives 
hasbeenonehotspotinrecentresearches・However,wefbundthatprevlouspapersdidnot
considerdeepenmgorshrinkingpipelinedepthdynamicaUyduringprogramexecution､Inthis 
paper,withtheadoptionofthepreviouslyproposedPipelineStageUnification(PSU)method， 
westudiedtherelationshipbetw巴enpower/perfbrmanceandpipelinedepthinprocessorswith
apipelineofmulti-usabledepths、OurevaluationresultsofSPECint2000benchmarkssliow
thatthe24stagePSUenabledpipelinecanaduievethesmaUestEnergy-DelayProduct(EDP)． 
Moreover,ｉｔｃａｎｏｂｔａｉｎｍｏｒｅＥＤＰＩ巴duction,compaJ｢edtotheprocessorswithfixedl2-stage
pipeline,whichistheoptimalpipelinedepthamongfixeddepthpipennes． 

wholeexecution 

TherellresomestudiesondynanliciL11ychlmging 
thepipelinedesignduringtheprogriLmexecutionin 

霊・瀞iY槻漉鰯１，罫:鮒概蹴離
processorpowerconsumptionvilLin-activatingand 
byp態smgsomeofthepipelineregistersiLndusing
ILshlL11owpipelineduringtheprogrnmexecution， 
whichｉｓｃ織UedPipelineStageUnificiztion（PSU)．
Accordingtothischaracteristics，ＰＳＵｃｌｍｂｅｒｅ－ 
ｇａｒｄｅｄａｓａｄｙｎｌｍｌｉｃｍethodtochlLngethepipeline 
depthdurmgruntime・Withtheadoptionofthis
method,ｗｅｍｌＷｈａ"巴differentfindmgsmthestudy
ofoptimalpipelinedepthsincePSUmethodcan 

lLdaptthepipelinedepthtotheprogramcharacte炉
istics． 

OurreselLrchdescribedinthispaperisfbcusing 
onreveBlingtherelationshipbetweenthepipeline 
depthtoboththeprocessorpowerconsumptionimd 
theperfbrmanceunderPSUadoption・Weusedthe
EnergyDelayProduct(EDP)definedbyGonziLlez6） 
toserveasthepower/perlbrm鋤ncemetricbec鉦useit
cImmostlyfitfbrourtlLIPgetpllLtfbrmswhichinclude 
light-weightedworkRitationsdmdlaptops・
ＦＴｏｍｏｕｒｓｔｕｄｙｏｆＳＰＥＣｍｔ２０００ｂｅｎｃｈｍlLrks,we 

fbundthattheiwerllgeoptimaldepthfbrafixed 
depthpipelineiM2stiLges,ｗｉｔｈ１４．２FO4pereach 
pipelinestlLge・WiththePSUutiliziLtion,ann-stage
pipelmeclmch塾ngeto磯､ｎ/2-stiLgeor鋤nn/4stage
pipelinedynnmicallybWecanachievesmamerEDP 
inPSUenableddeeppipelineswithmorethanl6 

stages､Amongthem,WefbundthiLtthe24stage 
PSUembledpipelineisthemostefficientoneinre-
ducingEDP・Ourresultsa1soshowthatcompnreｄ
ｗｉｔｈｔｈｅｏｐtimall2-stllgepipelineamongfixed 
depthpipelineB,thedeep24-stagepipelinewithPSU 
enlLblingciLnachieve小out９％moreEDPreduc‐
tion，lLverlLgedfrom8SPECint2000benchmlLrks、
EvenlLftercomplexclockgatingwhichlowersop-
portumtiesfbrotherenergyslwingtechnologies,ｔｈｉｓ 
24/12/6-st職gepipelinedesigncimstiUslwe6､4％
moreEDPthanthel2-stagefixeddepthpipenne・
TherestoftheplLperisorgimizedihsfbllows・Sec-

tion2describesthemainideaofthispaper、Ｓｉｍ－

1．Introduction 

lntherecentyelLrs,increasingtheclockfrequency 
hasprovidedmostplHrtofthemicroprocessqrperfblと
manceimprqvements、WithiLgiventeChnology,the
effectivewlWtoincreasethefreqnencyistomlLke 
deeperpipelines,ｉ､e､，tocontlLinfewergiLtesinelLch 
clockperiod．Ｍ､Ｓ､Hrishikesh,ｅｔａＬ１)ｈｌ】sdiscussed
thattheoptimallogicdepthperpipelmestiLgeis6 

to8fim-out-offbur(FO4)inverterdelaVsfbrmte‐ 
gerbenchmalksfromSPEC2000,inordertolLchieve 
theoptimumperfbrmlmce、

Astheconsideradtionofpowerdissipationbecomes 
morelmdmoreimportimtmmodernmicroprocesP 
sordesign，aperfbrmallc←onlyobjectivewillbe 
lesscompetitivefbrprocessorsinwhichthether-
mlL1dissipationorthebatterylifeisthedominlLnt 
problem，suchasthemobilephoneslLndllLptops・
SeveriLlreselLrcheshlLvCbeensubjectedtorevelL1‐ 

瀧瞬競鰯患::臘騨峡`if1iil麓繩
study3）showthatthedesignpointtoobtlLinoPti‐ 
mumEnergypeliW-Del岬Product(EDDP)occurs
atim8-st融ge(20FO4pere躯hstage)pipelinede‐
signpoint,averagedovemmofthe55workloMshe 
5tudied・Inthatpaper1helL1soproposedatheoreti-
calmethodtofindthetrlLd律offbetweenpowerand
perfbrmance・

However，nllofthelLbovestudieswereassuming 
alixedpipelinedepthduringtheprogramexecu戸
tion・ＯｕｒｓｔｕｄｉｅｓｉｎｔｈｉｓｐａｐｅｒｓｈｏｗｔｈａｔｔheChaル
acteristicsofindividualprogramwillcausetheopti-
malpipelinedepthtooccUriztqUitedifferentdesign 
points・Thms,usingasinglefixedpipelinedepthwill
showefficiencyincertllinprogriLms,whileinevitl】Jbly
experiencingsomepeniLltyinotherprogramswith 
difhentbehiwiors・Moreover,evenfOrlLsinglepro-
gram，ourresultsshowthatvHLriousruntimeperi-
odsrequiredifferentoptimiLlpipelinedepthsdueto 
thechimgesmprogramCharlLcteristicsthroughthe 
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ulationmethodologytoevaluiLteEDPofdifferent 
pipelinedepthscIｍｂｅｆｂｕｎｄｉｎＳｅｃｔｉｏｎ３、InSec-
tion4weshowtheexperimentresu11ts,togetherwith 
someanlJyses・Section5concludestheplLper、

２．ＥＤＰｖｓ・ｐｉｐｅｌｉｎｅｄｅｐｔｈ

２．１BasicprocessorEDPmodel 
Oonsideringagiventechnology,theclockingfre‐ 

quencyvuLriesduetotheChangesinthepipelinede 
sign・SucharelationshipclLnbeexpressｅｄａｓｆＯ１－
ｌｏｗｓ： 

１ 

（１） ノーォ｡＋tp/n
ltgivesth総tthefrequency（/）isMilnctionof

thesepnmmeters:thenumberofpipelinestages(､)， 
thetotallogicdehWofpipeline(#p),lmdthelatch 
overheadperpipeUnest乳ge(to)ルimdtoareusu-
aUyexpressedinthenumberofFO4inverterdellWs・
HomequiLtion(1),wecanseethatwiththeincrease 
of、,dIltapassesthroughfewerlogicunｉｔｓｉｎｏｎｅｃｙ‐
cle孔ndtheclockfrequencyincreHsesconsequently6
Perfbrm8mceisusuallypresentedlLsdelny61tis 

qUitesensitivetothefreqUencJ6nsshowninthefbl-
1owingfbrmuliL． 

□い)一手-Ｍ#｡+ﾎﾟハ（２）
Ｔｈｅｐ鋤mmeterS鼬rethesamewithequation(1)

exceptthatMrepresentSthemunberofcyclesre‐ 
qUiredinexecutingtheprogrlLm・
ＰｏｗｅｒｃｌｍｂｅｅＸｐｒｅｓｓｅｄａｓＲｍｏｗｓ： 

ｐ(､)＝ａｃｔ.tα,/Ｖ２＝α(nCiotcﾉ`＋ＣＯ)V2(3) 
九十tp/ｎ

ＴｈｉｓｉｓｔｈｅｄｙｎａｍｉｃｐｏｗｅｒｐｉＬｒｔｏｆｔhetotalpro-
cessorpower，wherearepresentstheaverageactiv豈
itylq･mlreferstothetot弘lcapacity,ノdenotesthe
clockfrequency,lmdVservesasthesupplyvO1tage、
SincebothCtotaliLndfrequencyvuLryduetopipeline 
design，wecanextractthefbrmulnalittlelilrther 
totilketheinfluenceofstagenllmberintoaccount・

Thelatterpartofequ畠tion(3)istheextmctedre
sult、OiqtcハisthellLtchclLpacityperpipehnestage
andObisthecaplLcityofotherprocessorunits、
NotethatthiseqI1ationisdifferentfromthepre-

viouspowereStim乱tioninpaper3)ｉｎtwo法pect圏：
(1)Thepowerequationinp印er3)cllnmsth鋤t
themlLjoritypowerconsumptioniMnpipeline 
latches・WeaddedotherpHrtspowerconsumption

together，includingregisterfiles，cache，ａｎｄｓｏｏｎ・
Theseunitsh8WeatotlLlclLpacityrepresentedbyCb 
inequ刷tion(3)．
（２）Fbr儲implicity,onlydynamicpowerisconsid-
eredmthisplLper，althoughthepipelinestILgeumP 

fication(PSU)method,Whichweusedmourre‐ 
selLrch,clmalSodecreaseleakagepowerbyapplying 
supplyvoltageglLtingtodisabledpipelineregisters・
Besides，ｔｏｒｅｄｕｃｅｔｈｅｄｙｎａｍｉｃｐｏｗｅｒｉｓａｌｓｏｔｈｅ 
ｍａｉｎｔ麺getofcurrentDVSliketechnologieswhich
scaledownsupplyvoltageunderlowworkload 
EnergyDelay-Product(EDP)clmbeexpressedas 

fbllowS： 

EDP(､)＝Ｐ(､)×Ｄ(〃)×Ｄ(､）（４）

Ibfindtheoptimaldepth，weneedtotakethe 
derivativeofthiｓＥＤＰｅｑｕａｔｉｏｎｗｉｔｈｒｅｓｐｅｃｔｔｏｎ・
Itisamathematicallylengthyproblem、Moreover，

somepariLmeterslikejVbimdainequation(2)and 
(3)aJFestilluncertain,秘ndwillv乱ryduringthepro‐
grimlexecution、Ｆｂｒｔｈｅｓｅｒｅ船ons，weusesinnll缶

tionresultstofindtheoptimalnumberofstagesin 
thispiLper、

２．２ＥｍｐｌｏｙｉｎｇＰＳＵａｃｈａｎｇｅａｂｌｅｐｉｐｅｌｉne 
depth 

Asdescribedinpaper2),３),severalresearches 
hlwebeenCarriedouttofindtheoptinnlmpipeline 
depthfbrpower/perfbrmanceconsidemtionwith 
asimilarmodelmSection２．１．However，al-

thollghtheycomparedtheenergymetricsofdiffer-
entpipelinedeptlls,theywereusingMixedpipeline 
depthduringlLwhOleexecution，Thismeansthat 

theyeliminatedthedifferencesbetweendifferent 

progrlLmslLnddifferentperiods・Andtheirproposed
optimaldepthwlLsavcragediLmonglLstudiedwork-
lOadset・AswediscussinSection4，wefbundit
lLlmostimpossibletodefineacertainoptimlJdepth 
lbrHL11thebenchmarks6Thisinspiredustolaunch 
ourstudybasedonlLchlLngeablepipelinedepth 

IP劉鰯糊孟::ll1lo1lIij鑑:謡雛';総
plLper，Shimadaproposedlmenergyconsumption 
reductionmethodcalledPSUtoreducethepower 
consumptioninmobileprocessors・OtherthlLnits
originalpurposetoreducepowerconsumptionby 
bypllssmgthepipelineregiste鴎，PSUisrathera
pipehnereconfiguriLtionmethod・Ａｓｓｈｏｗｎｉｎｐｉｌ戸

per４),pipelinedepthunderPSUiscimledunific歩
tiondegree・Weassumedfbllowingthreeunification
degrees,iiMefinedinp融per4）
（１）UnificiLtionDegreel(U1):ThenormiLlmode 
withoutbypa息singlmypipelineregisters・IthaslL
pipelineofnstlLges． 

(2)Unific帥ionDegree2(U2):Mergeeveryp劇ir
ofadjacentpipeUnestagesbyin-activatingandby‐ 
paA3singthepipelineregisterbetweenthemlthasiL 

pipelineOfrz/2st鋤ges．
(3)Unific乱tionDegree3（U4)：Ｂ鱸ｅｄｏｎＵ２，
mergethendjacentstageSonestepfilrtherlthHsa 
pipelineOfn/4stages 
AccordingtothePSUproposal，ｉｆｗｅｓｔｌＬｒｔｆｒｏｍ 

ａｎ"stlLgepipeline，ｗｅcanchooseonesuitable 

pipelinede闇ignpointfromn,、/2,3,.,/４st秘ges、
AsweiLreusingEDPtobethepower/Perfbrm鋤nce
metric,weneedtofindabestonefromEDP(､)， 
EDP(:),lmdEDP(:)ｂ鶴edonthehistoryinfb形
mation，lmdusethecorrespondingunificationde‐ 
greefbrnextblllkofinstructions，whiChisshown 
lnourprevlou圏researCh7）Inthel魁tterp麺tof
thisplLper，wewillshowtherelationshipbetweｅｎ 
ｔｈｅＥＤＰｌＬｎｄ孔pipelinewithmult卜118孔bledepthH;、

３．Simulationmethodology 

Tbstudythee雌ctofdifferentpipelinedepthson

power/perlbrlmLnce,ｗｅｖ趣iedthepipelinedepthof
amodernsupersciLlaraH･ChitectllresimilILrtocur-
rentprocessors,whiChhaverelativelydeeppipelmes． 
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Ｔｈ船sectiondescribesoursimulationfrimleworklmd

themethodologyweusedtoperfOrmthisstudy・
WeusedadetiLiledcycle-nccurlLteoutPofLorderex-

ecutionsimll1atorSimpleScHllLrTbolSet8）tocollect 
theruntimeperfbrmanceinfbrmlLtion、Weran8

integerbenchm砥ｋｓ(bzip2,gcc,gzip,mcf,pjLrser，
perlbmk,vortex,ａｎｄｖｐｒ)fromSPEC2000,with 
traininputs、１．５billioninstructionsaresimulated
afterskippingthefirstbillioninstructions、
３．１ＥＤＰｅｓｔｉｍａｔｉｏｎｍｅｔｈｏｄｓ 

ＢａＡｉｅｄｏｎｔｈｉｓｓｉｍｕｌａｔｏｒ１ｗｅｈｉｗｅｕｓｅｄｔｗｏｗａys 
toestimatetheruntimepowerdissiplLtionandthe 
EDPinprocessors： 

(1)SimpleestimiLtion 
Byextractmgequ乱tion(4)wec鼬ngetthefbUow‐

ingfbrmulatocalculatetheenergyconsumptionin 
processor・

EDP(")＝α(nClatcﾊ+C・)V2jVb2(tｏ+t,/､)(5)
ＥａＣｈｐｌＬｒｉＬｍｅｔｅｒｉｓｔｈｅｓｌＬｍｅｎｓｗｅhavelL1ready 

definedinSection2・

IndefiningthedetnjledvnluefOrelLChplLrameter， 
weselecttheprocessorwith20-smgefixeddepth 
pipelinewhiChissimillLrllsthePentium4lLrchitec-

ture，ｔｏｓｅｒｖｅ臼ｓｔｈｅｂ鵬elineprocessor、Fbrsim-
plicity〉ｗｅｌｌssumethatawillkeep韓aconstantfbr
differentpipelinedesignsandfbrdifferentprograms 
intervalsduringruntime、Andweassumedthiztthe

latchesmpipelineiLpproximlLtelyconsume30％of 
thetotalprocessorpowerinlL20-stagepipelme 
ThisviLlueissimlewithpreviouspaper4)．Hom 
thisassumption，ｗｅｃｌＬｎｇｅｔｔｈｅｌＩＬｔＣｈｃｌ】plLcityfbr
eachst昭e(Olqtc/↓)tobe馳bout1.5％oftot乱lc叩遜一
ity,withCbprovidingtheleft70％oftotlLlcapacity、
オッａｎｄｌｌｏａｒｅｓｅｔｔｏｂｅｌ４０ＦＯ４１Ｌｎｄ２､５FO4respec-
tivelyう鼠川鶴cribedinp砲per３)．
Aftersimplific伽on,equation(5)Showsth秘tEDP

directlydependsonthepipelinedesignandthepelと
fbrmance． 

(2)ModifiedWattchtoolset 
Theprevloｕｓｍｅｔｈｏｄｉｓａｂｉｔｒｏｕｇｈｓｉｎｃｅｗｅｓｉｍ－ 

plyassmnethellctivityaofeachbreakdownpro-
cessorunittokeepunchiLngedduringtheruntime・
Inmodernprocessors，thislLctivitywillvHLryalot 
fbrdiflt9rentprogramsduringdi他rentruntimeperi-
odsbecauseofthewidelyusedclockgating，Wattch 
toolset9）hasprovidedsevemlwaystoestimaterun-
timeenergywithclockgaLingutnization、Weuse
cc3methodinWattchtoolsettoestimatethispower 
incloCkgatingappliedprocessorslnthisclockgat-
ingmethodccapowerisscaledlinellrlywithportor 
unitusage,exceptthlLtumlsedunitsdissipatｅ10％ 
oftheirmaxmumpower・ThefactorlO％existsbe
causeitisimpossibletoturnofflLunittotlLllywhen 
itisnotneeded,intheprlLcticalcircuits． 

ＳinceWattchl､O2usedafixedtraditioniLl8stage 
pipeline，wemodifiedittoadoptdeeperpipelines， 
suchas20stages・nlrthermore，beclLuse6fhow
WBLttchprovidesthedissiplLtedpower,itisnotensy 
todeterminethebrelLkdownpowerconsumedin 
pipelmehLtches,sinceitdonotexplicitlyhlweapart 
relatedtoPipelineregisters・Thuswemadeanap-
proximateIlssumpｔｉｏｎｔＭｔｔｈｅｐｏｗｅｒｃｏｎｓｕｍｅｄｉｎ 

Ⅱ週blelProcessorconfiguration

Proc巴sｎｒ

鑿
BranchPrediction 

L11cache 

L1Dcache 

L2uniliedCa丘hＰ

Ｍｅｍｏｒｙ 

ＴＬＢ 

２ＭＢ/64Ｂline 

Ⅲ画ble2SomeDetajledProcessorParameters

ｚ＋ｆ／ｒＹｑｌＬ１ＤＬ１Ｌ２ＡＬＵＭＰ 
４３７０５０６７１１４１４ 

８２００９５２２７２８ 

１２１４２１３４１２２２１０２１２ 

１６１１３１６８８９３３１３３１６ 

２０９５２０４４１６３２０ 

２４８３３２２８４４２０４２４ 

２８７５２３３５２３４２８ 

３２６８８２７６３６２６５３２ 

３６６３４２９７３９６６２９３６ 

４０６３１６６７７７３２６４０ 

pipelineregistersisaproportiontothetotlJclock 

power,lLndthi5proportionvarieslmeMyaccording 
tothechlmgeofpipelinedepth 
３．２Processorparameters 

mLblelshowsthebaSelineprocessorconfigurll戸
tion 

Otherthantheconfigurationsｈｏｗｅｄｉｎｔａｂｌｅｌ， 
weneedtodefineotherparameterswhichchlmge 
accordingtothemodificiLtionofpipelinedepth 
AssumethILttheblLseline20-stagepipelinehnAilL 

clockfrequencyof2GHz，thefrequencyclmbeclLl-
cullLtedDMO11ows： 

肋)薑勇二鰐… （６） 

ＷｅｈｉｗｅｌＬｌｒｅａｄｙｄｅｆｉｎｅｄｔＰａｓｌ４０ＦＯ４ａｎｄｔ。ｔｏ
ｂｅ２．５Ｆ０４．ＩｔｉｓｅａｓｙｔｏｇｅｔｆｒｅｑｕｅｎｃｙｌｂｒｅｌＬｃｈ 
pipelinedesign 
BranchmispredictionpenaltyalsovarieslLsthe 

pipelinedepthchlmges，WeassumethatitchlLnges 
lineiLrlytothenumberofpipelinestnges・
Ｗｅｕ５ｅｄＣ孔cti3､Otoolsetlo)tocldculILtetheclLche

latencyofthebaselineprocessorconfiguration．Ｒ〕ｒ
example，theL1diLtacacheof90umtechnologｙｉｎ 
ｔｈｅｂ蝦elineprocessorwillhiwea21､14-FO41iccess

l乱tency､DMdedbythelogicdepth(latchoverhead
excluded)うweclmgetthecorrespondingaccessll1F
tencyincycles・Simil麺ｌｙぅthisciL1culationalsoap-
pliestotheL2cnchelatencyJnthiswaV,wederived 
latenciesusedinthesimullLtion・

Wenssnmedandevaluateddifferentpipeline 
depths,from4to40stages、Introducinglmlofthem
istooredunｄｌＬｎｔｓｏｔｈａｔｗｅｏｎｌｙｓｈｏｗｓｏｍｅｏｆｔｈｅ 
configurationintable2・Thenotationsintllble2
1istaMbllows： 

。、：numberofpipelinestages；

－４５－ 

、 to＋tp/、 FＹ eq． IＬ１ ＤＬ１ L２ ＡＬＵ ＭＰ． 

４ 37.5 0.5067 １ １ ４ １ ４ 

８ 2０ 0.95 ２ ２ ７ ２ ８ 

1２ 1４２ 1.3412 ２ ２ 1０ ２ 1２ 

1６ 1１．３ 1.6889 ３ ３． 1３ ３ 1６ 

2０ 9．５． 2.0 ４ ４ 1６ ３ 2０ 

2４ 8.33 2.28 ４ ４ 2０ ４ 2４ 

2８ 7.5 2.533 ５ ５ 2３ ４ 2８ 

3２ 6.88 2.7636 ５ ５ 2６ ５ ３２ 

3６ 6.34 2.9739 ６ ６ 2９ ５ 3６ 

4０ ６ 3.1667 ７ ７ 3２ ６ 4０ 



oneofthebenchmarkdrnwninfigure1． 
FigurelclelLrlyshowsthatoptimBlEDPresU1t 

occurslztthel2-st品gepipelinedesignpoint，Ｉｗｅｌと
agedfromallthe8mtegerbenchmlmPks・Atthis

point,eaChpipehnestngewillhwel42FO4in‐ 
verterdellWs，including２．５FO411Ltchoverhelld・

Withthel2-stlLgepipenne,wecanachieveimEDP 
reductionof21.4％，complLredwithiL20-stlLgede‐ 
sign，averlLgelyfOrthe8integerbenchmarks・
BesidestheoptimlJdepthfinding，figurelalA;o 

showsthlLtdifferentbemhmnrksdoShowdifhent 

behlwiorslLtthesnmedesignpoint・WeclLnseethiLt

fbrbenchm乱rkbzip2imdgcc,theoptimamDPcan
beobtlljnedbyal2-stagepipeline,whiChistheSame 
astheavemgelinegivesJbrthebenchmarkvortex， 

thepipelinewithl8stlLgeshHsthesmallestEDP 
result、１ｔ贈ａｄｅｅｐｅｒｐｉｐｅｌｉｎｅｗｉｔｈｌＯ３ＦＯ４ｐｅｒ
ｅａEhstlLge，rbrbenchmlLrkperlbmk，ｔｈｅｏｐｔｉｍａｌ 
ＥＤＰｏｃｃｕｒＭｎｔｈｅ６－ｓｔａｇｅpipelinedesign，whichis 
iLrelntivelyshlL11owpipeline・Also，considermgthe
benChmarksthlLtarenotlistedinthisfigure，the 
optimaldesignshouldbel2-staｇｅｆｂｒｍｃｆ,parser， 
llndvPr、Anditshouldbe6-stILgefbrgzipThere
1bre，usingl2-stagedeSigntobetheoptiｍａｌｖａｌｕｅ 
ｍｅａｎｓｔＭｔｗｅｍｕｓｔｅｘｐｅｒiencelessEDPreduction 
inbenchmarkslikegzip,perlbmk,imdvortex,３out 
ofall8benchmImrks、

４．２ResultsofidealPSUInethod 

lnprevioussubsection，westudiedtheoptimum 
pipelinedesignpointamongsevemlfixeddepth 
pipelinesbyconsideringEDPmetriclnthissubsec-
tion，wewillpursueourreselLrchonpipelineswith 
PSUutilizILtion・

rTomtheproposlL1ofPSU,wecanseeann-stBge 

pipelinｅ仏tU1mode)cmdymmicallycnmgeto
imn/2-stagepipelineunderU2mode,ortoann/4-
stagepipehneundeU4modedUringtheprogrIml 
execution・Here，Ｕ１，Ｕ２，andU4repjPesentsthe
unificlLtioｎｄｅｇｒｅｅｌ，２，ａｎｄ４，respectivelyうａｓｗｅ
ｈｌｗｃｄｅｆｉｎｅｄｉｎｓｅｃｔｉｏｎ２２Ａｓshowninpreviousre 

se風rch7),progrlmlmiWexperiencedifferentphases
duringthewho1eexecution・IfPSUselectssuitable
unificlLtiondegreefbreachphase,itcanshowbetter 
efficiencymreducingEDPcomparedtofixedlength 
pipelines・
Tbsimplifyourstudiesandfbcusontheinfluence 

introducedbythepipelinedesignpointonlyiinthis 
paper,wechosetheidenlPSUadoptionmethodde-
scribedinpreviou叩叩er7)Jbrexample,ｗｅ砂pply
thismethodona20-stlLgepipeune・Firstlyうwedi-
videdprogmmjntofixedlengthinterv鍵1蘭(insiml正
lation,l0hinstruction筒pere劇phinterval).Thenwe
riLntheprogramfbrthreetimes1infixed20-stlzge 
mode,fixedlOstlLgemode,andfixed5-stagemode， 
sim1arlyaswedidinSection4､ＬＡｎｄｗｅｒｅｃｏｒｄｅｄ 
ｔｈｅＥＤＰｏｆｅａｃｈｉｎｔｅrvnlduringtheexecution・AfL
terthethreeexecutions,weCollectedtheEDPdata 
ofeaChinterv2LlofallU1，Ｕ２,ａｎｄＵ４ｍｏｄｅｆOｒｔｈｅ 

２０stagepipelme・Afterthat,intheidelJPSUadop-
tionmode,wecouldsetthebestunificationdegree 

iltthebeginningoflmintervHL1bi1sedontheprofiling 
datlL、Thismethodisatheoreticaloptimiｍｏｎｅａｎｄ
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NumberofPipelineSlages 

Fi9.1NormalizedEDPoffixedpipelinedepth 

●ｔｏ＋tp/､:inverterdehWperst昭e(inFO4)；
ｏＨｅｑ.:C1ocMeqUency(inGHz)； 
･IL1L1伽tructioncachelntenCy(mcycles)；
・DL1L1dat馳c鋤chel勘tency(incycle蘭)；
・L2L2cachellLtency(incycles)；
・ALUintegerALUl秘tency(incycles)；
ＯＭＰ.:branchmispredictionpemL1ty(incycles） 
Inollrsimulation,integerALUlatencyintable2 

1LppliesonlyfbrthecILlculiLtionofdependente他c-
tiveaddress・Weassumedthattheprocessorcan

issueotherdependentintegerexecutionsinevery 

cyclebyusingllni】ggressivebypnAisingnetwork、
OtherplLriLmeters，ｓｕｃｈ蝦ｉｎtegerMImrand

floaLingpOintALU/MUm,ｍ此ereMvelysmlin
influencestolPCwiththechImgesofpipelinedepth1 
accordingtopaperl3)． 

４．Resultsandanalyses 

lnthissectio､，firstly，wewillpresenttheEDP 
result肘offixedpipelinedepth，withthepipeline
variesfroln4stlLgesto40stages・Then，wewill
showtheresultsofpipelinewithChlLngelLbledepth， 
ｆｒｏｍａＰＳＵｅｍ】bledl6-stagepipeUnetoa40-stage

pipeline， 
４．１Ｒｅｓｕｌｔｓｏｆｆixedpipelinedepth 
lnthissubsection，wefbnowtheprevlousre-

searchers，work2),3）underollrexperimentsenviron-
ments．Ｉtisalsoprecedentworkfbrtheevnlu孔tions
ofPSUappliedpipelines・
FigurelshowstheEDPresultsofpipelinesfrom4 

stagesto40stages、Thex-nxisdenotesthenumber
ofpipelinestageslmdthey-axisdenotesthenolmIL1-
izedEDPresults、ＴｈｅｅｎｅｒｇｙｉｎｔｈｉsSeriesofex-
perimentsisgivenbythesimpleestimationmethod， 
describedinSection3･LFbrenchbenchmlLrk,allof 

theEDPresults`ＥＤＰ(､)，，麺enormalizedbythe
b殿eline20-stagepipelineresult“EDP(20)，，ofthe
samebenchmark、Therefbre，thesecurveslLrecon-

nectedatthe20-stlLgepoint・
Ｉ、ｔｈｉｓfigure,thesolidlinerepresentstheiwerage

vHmuesofiLll8SPECint2000benｃｈｍｎｒｋｓａｎｄｔｈｅ 

ｄｎｓｈｅｄｌｉｎｅｉｓｔｈｅＥＤPsOfindividualbenChmlLrk・

Fbrsimplicityうweonlylisttheresultsofbzip2,gcc，
perlbmk，andvortexhereOtherbenchmILrkslike 
gzip,mcfparser,ａｎｄｖｐｒｓｈｏｗａｓｉｍｉｌｌＬｒｓｈａｐｅｔｏ 

－４６－ 
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StageNumbemfPSUenabledPipelme(Ｕｌ/U2/U4） 

Fig.２NormaUzedEDPofPSUenabledpipelines ５１０１５２０２５３０３５４０ 

NumberofPipelineStages 

Fi9.3ＮormalizedEDPofHxedpipelinedepth(Wattch） cannotbelLchievedinrelmexecutionbecau筍eitis

basedonthepost-simulatedtraceiLnlLlysis・
Ｆｉｇｕｒｅ２ｓｈｏｗｓｔｈｅｎｏｒｍａｈｚｅｄＥＤＰｏｆＰSUen-

lLbledpipelines・ＴｈｅＥＤＰｉｓｃａｌｃｕｌａｔｅｄｂｙｔｈｅｓｉｍ－
ｐｌｅestimationmethod・Itsx-axiSdenotesthediffe形
entpipe1ineconfiguration,fiPoml6-stageto40-stlLge 
pipelineswithidelL1PSUMoptioｎ．ThenotlLtion 

like``20/10/５，，representsiLPSUen⑧bledpipeline 
with20st昭ｅｓｉｎＵ１，１０stlLgesinU2，lLnd5stages
inU4mode、ＷｅｗｉｌｌｕｓｅｓｕＣｈｎｏｔ誠iｏｎｉｎｔｈｅｌＩＬｔ－

ｔｅｒｐａｒｔｓｏｆｔｈｅｐａｐｅｒ・They-axisdenotesthenor-
malizedEDPresults、TheAvglinerepresentsthe
vimuesIweragedfromimlthe8SPECint2000bench-
marks、４linesofindividualbenchmnrkarelL1so

listedtoshowtheinfluencesbydifferentprogrlml 

cMracterMcs、TheEDPresultS“EDP(〃/:/:)，，
ofeaChbenchmarkarenormalizedbythe20-stlLge 
fixeddepthresult“ＥＤＰ(20)，，ofthesamebench‐ 
mark 

nPomfigllre2wecanseethlzttheoptima1pipeline 
depthoccursatlL24-stagepipelinedesignpointafter 
idelllPSUadoption，iwerlLgedfrom8benchm麺ks・
Atthisdesignpoint,elLchpipelinestagehaslLdepth 
of83FO4inverterdelays，including25FO41atCh 
ov巳rheadmlrthermore,thisdesignpointisalsothe
bestonefbrtheindividuillbenchmlLrkconsideration， 
i､e,，allofthe8benchmarkseXperiencethesmallest 

EDPunderthe24/12/6pipelineconfigumtionwith 
ideIL1PSUadoption、Ａｓｓｈｏｗｎｉｎｆｉｇｕｒｅ２,thelines
ofindividuiLlbenchmarkdemonstrlLtelLquitesimilar 
shapeastheAv９．１ine,excepｔｔｈａｔｔｈｅＥＤＰｒｅｄｕｃ－ 
ｔｉｏｎｄｉｆｈｓｄｕｅｔobenchmarkchILracteristics・This

observHLtionindicatesthiLtthePSUappliedpipeline 
cangrelLtlyBlleviatetheinfluenceintroducedbypro-
grnmbehlLvior・Andacertajndesignpointwith
well-designeddynamicPSUadoptionmaybeable 
tofitfbralargerangeofprogralns-
AnotherobservlLtionfromfigure2isthatthe 

deviationsbetweendifferentpipelineconfigurations 
lLrenotlarge．Ｈ)rmostofthebenchmarks， 
thedeviationsareiLpproxim誠elywithinlO％from
thel6/8/4-stagepipelinetothe40/20/l0-stage 
pipeline、ByiRpplyingPSUdynamiclL11y，thepro-
cessorcaniwoid“toobadpipelineconfiguration，， 
efficientlysothattheworstEDPinfigIlre2isfar 
betterthImthatoffigureL 
Also，figure2showsthatafterapplymgPSＵ，ｗｅ 
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stageNumberofPSUenabledPipelme(Ｕｌ/U2/U4） 

Fig.４NormalizedEDPofPSUenabledpipeline(Wattch） 

clmevenobtainmoreEDPreductioncompiLredto 
thebeStfixedpipelinedepthinfigurel、Infigurel，

theoptim批depthoccurslLtiL12-stagepipeline,con-
sideringlmbenchmarkslzverlLgely､AndtheEDPre-
sultis78,6％ofthefixeddepth20-5tagepipenneone、
Yetthe24/12/６PSUappliedpipelineinfigure2 
clmget71､6％ｏｆＥＤＰ(20),whichslwesabout9％ 
ｍｏｒｅＥＤＰ,ComPiLredwiththefixeddepthl2-stage 
pipelinevi11ue，Individuallyうfbrgcc,ｔｈｅ２４/12/６
stagecanachieveaboutl2％mOreEDPreduction 
thanthefixeddepthl2-StlLgedesignpoint・This
additionnlreductionisobtiLinedbyexecuting32％ 
instructionsinthe24stage，２９％instructionsin 
thel2-stage，and３９％ｉnStructionsinthe6-stage 
pipelme・Thisobservationindic帥ｅｓｔmtevenfbra

smgleprogmmexecution，ｄｉ化rentperiod8;ｗｉｌｌｒｅ‐
quiredifhentpipelineconfigurationtoiHchievethe 
bestpower/perfbrmjmceresult,ＢｙｕｓｉｎｇＰＳＵｄｙ‐ 
nlLmicallypredictingandadoptingabestpipeline 
depthisnecessl1ryandmayprobably5howmoreef 
ficiencyinthemodernprocessors，iffrequencygoeS 
higher， 

４．３ＥＤＰｒｅｓｕｌｔｓａｆｔｅｒａｐｐｌｙｉｎｇｃｌｏｃｋｇａｔ－ 
● 

Ing 

lnthissection，ｗｅｗｉｌｌｓｈｏｗｔｈｅＥＤＰｒｅｓｕｌｔｓｎｆ 

ｔｅrusingWILttchtoprovideasophisticntedcloCk 
glLting・ＷｅｄｉｄｔｈｅｓａｍetwoserieSofevHLluations，

oneｈ)rfixeddepthpipelineduringaprogrimlexe-
cution(figure３),the・therijorpipelineswithPSU
utiliz帥ion（figure４）Thenotiitions,x-axis,imd
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SincetheleakagepoweroccupiesliLrgerandlarger 
percentageofthetot乱lpowermcurrenthighclock
hequencyprocessors,tostudytheoptimumPipeline 
depthselectionwithtiLkinglelLkagepowerintoac‐ 
countwmbeoneofourfiltureworks・
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唾ble31zopffbrbenchmarks(Wattchcc3applied）
benchmarks 

gcc,gzip2,mcBparser,perlbmk,vpr 

bzip2 
vortex 

』、｜鴫｜型

y-axisILresimilIlrtotheonesinｆｉｇｕｒｅｌａｎｄ２，ｅｘ－ 
ｃｅｐｔｔｈｉＬｔｔｈｅＥＤＰｒｅｓｕｌｔｓａｒｅｃｏllectedbyWattch 
toolseh 

Thelmesinfigure3imdfigure4showasimilar 
shapeaBtheonesinfigurellLnd2,reSpectively・Yet
theEDPreductionbecomessmallerILfterapplying 
clockgating，Thisisbecausethatclockgatingclm 

decreasethetotalprocessorenergygreatlysotMt 
thereislittlespaceleftfbrotherenergyslMngteCh-

nologies， 

Andfbrthefixedpipelinedepthevaluations1the 
resultsshowthatthebestdesignpointmoveSto 
thedeeperpipelinefbrsomebenchmarksJTheopti-
malfixeddepthslbrthesebenchmiLrksareshownin 

table3・Stnl1theaveragelyoptimlL1fixedl2-stage
pipelinedoesnotfitfbrall8benchmarks・
Figure4istheresultsafterapplyingidealPSU・

Ｗｅｃａｎｇｅｔａ,similarconclusionfromthisfigurｅａｓ 
ｗｅｄｉｄｗｉｔｈｆｉｇｕｒｅ２・Evenwiththeclockgating，

the２４/12/6-stagepipeIineclmiRchieve15.5％ＥＤＰ 
reduction,comp鼬ｒｅｄｗｉｔｈＥＤＰ(20)ofthebaseline
20stilgefixeddepthpipeline、Comparedwiththe

l2-st肥epipelinewhichistheoptimlL1designfbra
fixeddepthpipeline,the24/12/6-stiLgepipelinecim 
aChieve6､4％moreEDPreduction,lweragedfrom8 
benchmnrks、ThisindicatestMtthePSUutiliza戸

tionwillhaveefficiencyevenwithiLsophisticated 

clockinggatingappliclLtion 

５．Ｃｏｎｃｌｕｓｉｏｎｓａｎｄｆｍｔｕｒｅｗｏｒｋｓ 

ｌｎｔｈｉ＆paper1wehfwestudiedreliLtionshipbe-
tweenEDPalldpipelinedepthfbrpipelineswith 
fixeddepthlmdideiL1PSUutilizlLtion・Ourresults
showthatlweragely，theoptimILldepthWillbel2 
stagesfbrafixeddepthpipeline・ButtheoptimlJ
pipelinedepthdifferslbrindividulL1programslmd 
runtimeperiods，andthedifferenceishardlyneg-
ligible・ByiLpplyingidealPSUmethod，ｗｅｆｉｎｄ
ｔｈａｔｍｏｒｅＥＤＰｒｅｄｕｃｔｉｏｎｃａｎｂeachievedbydeeper 

pipelinedesign．TheEDPdifferencesiLrewithl0％ 
betweenthedeeppipelines，iLfterPSUutilization 

Amongthem，秘２４/12/６pipelinedesigncimob‐
tiLinthesmallestEDP，eitherｗｉｔｈｓｉｍｐｌｅｅｓｔｉｍａ－ 

ｔｉｏｎｏｒｗｉｔｈｃｏｍplexclockgatingappliciLtion・Ａｎｄ
ｉｔｓｌｗｅｓａｂｏｕｔ９％ｍｏｒｅＥＤＰｔｈａｎｔｈｅｆｉｘｅｄｌ２－ 

ｓｔｌＬｇｅｐｉpeline，whichistheoptimalonefbrafixed 
depthpipelinedesignA1thoughthecomplexclock 
gatmgprovidedinWMtchwｉｌｌｌｏｗｅｒｔｈｅＥＤＰｓｌｗ－ 
ｉｎｇｓｂｙｔｈｉｓｍｅthod,theeffectivenesisisnottotaUy 
elimin魁ted・Afterclockg鼬tmg,this２４/12/6-stage
pipelinedesigncanstillsiive6.4％moreEDPthlm 
theoptimiLll2-stagefixeddepthpipeline、
Ourrently，onlydynlLmicpowerisconsideredin 

oulrstudybYetrellLtedstudiesshowthILtPSUcan 
akioeliminatesomeoflelLkagepowerbylLpplying 
supplyvoltagegILtmgtodisablepipelineregisters． 
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