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Abstract

Theplacemenbf microarchitectural blockson a die can
signi cantly impact operating tempeature. A oorplan
that is optimizedfor low tempeature can negatively im-
pact performanceby introducingwire delaysbetweercrit-
ical pipeline stages. In this paper we identify subsetsof
wire delaysthatcanandcannotbetolerated. Thesesubsets
are differentfrom thoseidenti ed by prior work. This pa-
peralsomalkesthe casethat oorplanning algorithmsmust
considerthe impactof oorplans on bypassingcompleity
andinstructionreplaymetanisms.

Keywords: microprocessoroperating tempeature, mi-
croarchitectural oorplanning, critical loopsin pipelines.

1. Intr oduction

High transistorand power densitieshave resultedin
thermalissuesemeging as a major designconstraintfor
modern-daymicroprocessors. Each nev microprocessor
generatiorrequiresgreaterdesigneffort to ensurehathigh
performancecan be delivered while maintaining accept-
able operatingtemperaturesThe problemis only exacer
batedby the recentintroduction of vertically stacled 3D
chips[13, 16]. While 3D chipshelp reduceon-chipcom-
municationlatenciesand power dissipation,they increase
power densitylevels and can causeoperatingtemperature
to increaseby tensof degreeq12].

Heatproducedy a microarchitecturastructurespreads
laterallyandvertically. Heatremoval from a high tempera-
tureunit canbeacceleratedyy surroundingt with low tem-
peratureunits. Therefore,jt hasbeensuggestedby various
researchlgroups(4, 5, 6,7, 9, 10, 14] thatsmartmicroarchi-
tectural oorplans canloweron-chippeaktemperatureand
trigger fewer thermalemepgencies. We expectthat oor -
planningwill continueto receve muchattentionin future
years especiallyin therealmof 3D chips.

A thermal-avare oorplan cannegatively impactperfor
mance. If the inputsto a microarchitecturalnit are pro-
ducedby a distantunit, long wire delaysareintroduced.A
recentpaperby Sankaranarayanast al. [14] demonstrates
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thatsomeof thesewire delayscanhave a signi cant impact
on overall performance. Therefore,they arguethat oor -

planningalgorithmsmuststrive to co-locatecertainunits,
therebyyielding designswith sub-optimalthermalcharac-
teristics.

In this paper we re-visit the performanceanalysisof
inter-unit wire delays. We shawv that smartpipelining can
alleviatethe performancempactof mary long wire delays.
Weidentify asubsebf wire delayq(differentfrom thatiden-
ti ed by Sankaranarayanaatal. [14]) thatcandegradeper
formancethemost. Thelengtheningf wire delaysalsohas
a salientimpacton register bypassingcompleity andin-
structionreplay compleity. Theseissuesmustalsosene
asinputsto arny microarchitecturaloorplanningtool.

Section2 describesour simulationmethodology Sec-
tion 3 describegipelineimplementationghat cantolerate
wire delaysbetweenpipeline stages. Section3 provides
performanceaesults,while Section4 quanti es the impact
of various oorplans on temperatureWe concludein Sec-
tion 5.

2. Methodology

Our performancesimulatoris basedon anextendedver-
sionof Simplescalaf3.0for the Alpha AXP ISA. Thesim-
ulator modelsseparatéssuequeuesyregister les, andre-
order buffer (ROB) insteadof a uni ed Register Update
Unit (RUU). Contentionfor memory hierarchyresources
(ports, banks, buffers, etc.) are modeledin detail. The
register le and issue queueare partitionedinto integer
and oating-point clusters. While Simplescalas default
pipelineonly has vestageswe modeltheeffectof adeeper
pipeline on branchmispredictpenalty and register occu-
pang. Processoiparametersare listed in Table 1. The
simulatoris augmentedvith the Wattch [2] power model
to computethe power consumptiorof variousmicroarchi-
tecturalstructures. Thesepower valuessene asinputsto
theHotFloorplan14] tool (moredetailsonthetool arepro-
vided in later sections). As a benchmarkset, we use 23
SPEC2kprogramgperlbmk facelec andsixtrack werenot
compatiblewith our simulator). Eachprogramis executed
for a100million instructionwindow identi ed by the Sim-
point toolkit [15]. Detailedsimulationwascarriedout for
onemillion instructiongo warmup variousprocessostruc-
turesbeforetakingmeasurements.



Fetchqueuesize 16 Branchpredictor comb of bimodaland2-level
Bimodalpredictorsize 16K Level 1 predictor 16K entries history12
Level 2 predictor 16K entries BTB size 16K sets,2-way
Branchmispredictpenalty atleastl0cycles Fetch,Dispatch,Commitwidth 4
Issuequeuesize 20Int, 15FP Register®le size 80 (Int andFPR, each)
Integer ALUs/mult-div 4/2 FPALUs/mult-div 2/1
L1 I-cache 32KB 2-way Memorylatengy 300cyclesfor the®rst block
L1 D-cache 32KB 2-way 2-¢ycle L2 uni®edcache 2MB 8-way, 30cycles
ROB/LSQsize 80/40 I andD TLB 128entries 8KB pagesize

Table 1. Simplescalar simulator parameter s.

3. Pipelining Wir e Delays
3.1 Pipelining Basics

DeeppipelinescanimpactIPC in mary ways. They can
improve IPC becausenore (independent)nstructionscan
be simultaneoushoperateduponin a cycle. The effect of
deeppipelining on dependentnstructionsdependson the
natureof the dependenceConsiderthe following two ex-
amples.

Figurel shavsthebehaior of abranchmis-predictin a
shallov anddeeppipeline. In eithercasea certainnumber
of gatedelays(say N FO4 gatedelays)mustbe navigated
to determinethe outcomeof the branch. In the shallov
pipeline,it takesfour pipelinestagego executethe branch,
so the penalty for a branchmis-predictequalsN + 4V,
whereV equalsthe latch and skew overheadper pipeline
stage.In the deeppipeline, it takeseight pipelinestagego
executethe branch,sothe penaltyfor a branchmis-predict
equalsN + 8V. In otherwords, the deeppipeline has
increasedhe gap betweentwo control-dependeninstruc-
tions.

Figure 2 shows the behavior of a 64-bit integer addin-
structionin shallov and deeppipelines. In the shallav
pipeline (Figure 2(a)), the add is completedin a single
pipelinestageandthe gapbetweenwo dependenaddop-
erationdsM + V,whereM representtheFO4gatedelays
requiredto completethe 64-bit add. In the deeppipelines,
the add operationis brokeninto 4 pipeline stages. If the
seconddependeninstructioncanbegin executiononly af-
ter the rst instructioncompletes(shovn in Figure 2(b)),
the gap betweenthe instructionsis M + 4V. However,
the pipeline may be suchthat the rst stageoperateson
the 16 least-signi cantbits, the secondstageon the next
16 least-signi cantbits, andsoon. In sucha pipeline(Fig-
ure 2(c)), the seconddependeninstructioncan startoper
ating on its 16 least-signi cantbits assoonasthe rst in-
structionleavesthe rst stage. A similar pipeline organi-
zation hasbeenimplementedin Intel's Nethurst microar
chitecture[8]. With this pipeline,the gapbetweendepen-
dentinstructionsis M =4 + V. Therefore,a deeppipeline
doesnot necessariljjengthenthe gap betweendependent
instructions.The pipelineimplementatiorandthe natureof

thedependencdetermingheperformanceffect of adding
stagesto a pipeline. In otherwords, a microarchitectural
loop is formedwhenthe outputof onepipelinestageis re-
quiredasan input to an earlierstage[1]. If the introduc-
tion of additionalpipeline stagesdoesnot lengthencritical
microarchitecturaloops, IPC will not be signi cantly de-
graded.

The microarchitecturalunits within a typical out-of-
ordersuperscalaprocessoareshowvn in Figure3(a). Each
of theseunitscanrepresent singlepipelinestage(or mul-
tiple pipelinestagedn orderto enablehigh clock speeds).
During the processof microarchitectural oorplanning,
someof the units may be placedfar apart. The wire delay
for communicatiorbetweenrthe units may be long enough
thatmultiple pipelinestagesave to beintroducedbetween
the units just for datatransfer Figure 3(b) shavs an ex-
amplewherethreenew pipeline stagesare introducedbe-
tweenthebranchpredictorandl-cache andbetweerthein-
tegerissuequeueandtheinteger executionunits. Sankara-
narayanaret al. [14] claim that separatingheseunits has
the most signi cant impacton performance. They report
that for thesesetsof units, the introductionof four addi-
tional pipeline stagegesultsin an executiontime increase
of 50% and65%. Next, we shav thatthe pipelinecanbe
designedsuchthatthesewire delayscanbetolerated.

3.2 Back-End Pipelines

Considerthe pipeline shawvn in Figure4. The wakeup
and selectoperationhappenswithin the issuequeuein a
single pipeline stage. At the end of the stage,it is known
thatinstructionA is readyto execute.Controlinformation
is sentto the ALU throughlong wires that constitutefour
pipelinestageqgin this example).In the meantimethereg-
istertagsfor theinput operandsiresentto theregister le,
thevaluesarereadin a singlepipelinestage andtheseval-
uesthenarriveatthe ALU. TheALU canbeginits computa-
tion oncethe controlinformationandthe registeroperands
arrive atthe ALU. If thewakeupandselectoperationcom-
pletesatthe endof cyclet, thecomputatiorbeginsin cycle
t + D, wheredelayD is determinedby the length of the
critical path(eitherfor theregisteracces®r for the control
information). In a compact oorplan with a single-g/cle
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Figure 1. Branc h mispredict loop in a (a) shallo w and (b) deep pipeline . Grey boxes represent pipeline latc hes.
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Figure 2. The ALU-bypass loop in shallo w and deep pipelines.
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(a) Pipeline for an example baseline processor that may not be thermal-aware
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(b) Thermal-aware processor with 3 stages of wire delays between Bpred-1$ and 1Q-ALU

Figure 3. Pipelines for a baseline processor and for a thermal-a ware processor that places BPred and ICache
far apart, and 1Q and ALU far apart.
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register le accesspD canbeassmallas2. In the oorplan
in Figure4, wherethe wire delaysfor the controlinforma-
tion areonthecritical path,D is 5.

However, the gap betweenread-afteiwrite (RAW) de-
pendentinstructionsis not a function of D. The wakeup
and selectoperationcompletesn cycle t andit is known
thatinstructionA will produceits outputat the endof cy-
clet + D (assuminghatthe ALU operationcompletesn
asinglecycle). Accordingly, in cyclet + 1, the outputreg-
ister for instructionA will be broadcasto the issuequeue
andattheendof cyclet + 1, wakeupandselectwill pro-
ducethe dependeninstructionB of instructionA. Instruc-
tion B's control information and register valuesarrive at
the ALU attheendof cyclet + D. InstructionB begins
its executionin cyclet + D + 1, replacingone of its reg-
ister operandswith the resultof A thatis readoff of the
bypassbus (note that the resultof A is readyby the end
of cyclet + D). Thus,regardlessof the value of D, the
gap betweendependentinstructionsremainsa single cy-
cle (max(lateng for the ALU+bypassoperation)ateng for
wakeup+select)).In essencethe gapis determinedoy the
maximumlength of a dependentoop. Thereis oneloop
within the issuequeue wherethe resultof wakeup+select
feedsbackinto thewakeup+selecfor thenext cycle. There
is asecondoop within the ALU andbypassbus,wherethe
outputof an ALU operationis bypassedackto the inputs
of the ALU for usein the next cycle. However, neitherof

theseloopsinvolve thedelayD. ThedelayD will inu-
encethe loop thatre-directsfetch on discovering a branch
mis-predict.It alsoaffectstheloopthatreleasesegisterson
commitandmakestheseregistersavailableto the dispatch
stage.Thereareothereffectson lesscritical loops,suchas
theloop for branchpredictorupdate.

In Figure5, we shav theimpactof delayD on overall
averagelPC for SPEC2kprograms.Thethin dashedine in
Figure 5 reproducegheresultin [14] anddepictsthe IPC
slowdown as a function of the wire delayD betweenthe
integer issuequeueand the integer executionunits. The
bold dashedine represent®ur simulationwherethe gap
betweendependentnstructionsis varied as a function of
D. Finally, thesolid line in Figure5 representshe simula-
tion whereD only impactsthe branchmis-predictpenalty
the delayin releasingregisters,and not the gap between
RAW-dependeninstructions.We seethatthe wire delayD
hasa negligible impacton overall performanceunlike the
conclusiondrawn in [14].

The above analysisdoesnot take two importanteffects
into account. Firstly, as D increasesthe likelihood of
readingan invalid operandirom theregister le increases.
Hence,more bypassregistersare requiredat the ALU to
buffer the resultsof instructionsexecutedin thelastR cy-
cles. R is a function of register le readandwrite lateng
andthewire delaysbetweerthe ALU andregister le. Cor-
respondinglythe compleity of the multiplexor beforethe
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Figure 6. Loops within front-end pipelines.

ALU alsoincreasegl11]. It is possiblethatanincreasan
D (and correspondinglyin R) may resultin an increase
in bypassdelay therebyintroducingstall cycles between
RAW-dependeninstructions.lt is unlikely thata processor
will be designedo allow suchstallsbetweerevery pair of
RAW-dependeninstructions.We expectthatthe following
designmethodologyis more realistic: circuit compleity
analysiswill yield the maximumnumberof bypassregis-
tersthatcanbeaccommodateth a cycle; correspondingly
the maximumallowed delayD is fed asa constraintto the
oorplanning algorithm. Palacharleet al. [11] quantify by-
passingcompleity asafunctionof issuewidth andwindow
size. A similar analysiscanhelp quantify bypassingcom-
plexity asa function of bypassregistersandthis is left as
futurework.

The secondmportanteffect of increasingD is the cost
of instructionreplay mechanisms.Processorsuchasthe
Pentium4[8] implementload-hitspeculatiorwith selectve
replaywithin the issuequeue.Whenan instructionleaves
the issuequeue,basedon the expectedlateng of the in-
struction,a subsequenivakeup operationis scheduled.A
loadis avariable-lateng instructionandawakeupis sched-
uled, assuminghat the load will hit in the cachewith no
bankcon icts. As soonasit is known thatthe load lateng
doesnotmatchthebest-castateng, dependeninstructions
that have alreadyleft theissuequeueare squashedThese
instructionswill subsequentlpere-issuedaftertheloadla-
teng is known. Also, dependentsf loadsarekeptin the
issuequeueuntil the load lateng is known. This simpli-
es therecovery from the load-hit mis-speculatiorandfa-
cilitatesreplay Thus,load-hit speculationcan negatively
impactperformancen two ways: (i) replayedinstructions
contendtwice for resources(ii) issuequeueoccupang in-
creasestherebysupportinga smallerin- ight window, on
average A deepepipelinecanexacerbatehis performance
impactbecausé takeslongerto detectif theloadis ahit or

amiss. Borchetal. [1] conductanexperiment(Figure5 in
[1]) to determinethe impactof a deeppipeline on load-hit
speculationWhile keepingthe branchmispredictpenaltya
constantthey shav thatreducingsix pipeline stagefrom
theload-hitspeculatiotoop causespeedupsangingfrom
1.02to 1.15, with an averageof 1.07. Therefore,the ad-
dition of pipeline stageshetweenthe issuequeueand the
executionunits will impactperformancebut not asdrasti-
cally asthatindicatedby [14].

3.3 Front-End Pipelines

The resultsin [14] showv that wire delaysbetweenthe
branchpredictorandl-cachehave thesecondargestimpact
on performance.The branch/jump/returiPC senesasan
input to the branchpredictor branchtarget buffer (BTB),
andreturnaddressstack(RAS). Correspondinglythe next
targetaddresss determinedThistargetaddresss thensent
to the I-Cacheto fetch the next line. After partial decod-
ing, it is known if the line containsa branch/jump/return
instruction. If the next line doesnot containa control in-
struction,the next sequentiatacheline is fetchedfrom the
I-Cache.Whena branch/jump/returimstructionis encoun-
tered,thePCis sentto thebranchpredictorto determinghe
next fetch address.In the pipelinejust describedand de-
pictedin Figure6(a)),therearetwo loops. Thelongerloop
determineshenext inputto thebranchpredictor/BTB/RAS
after fetchinganddecodingthe instruction. If wire delays
areintroducedbetweerthebranchpredictor/BTB/RASand
the I-Cache,this loop becomedonger andthe rate of in-
structionfetch is severely crippled. The thin dashedine
in Figure7 reproduceshe resultsin [14] andindicatesthe
performancealegradationeffect of introducingwire delays
betweerthebranchpredictorandl-Cache.Thebold dashed
line in Figure 7 attemptsto modela similar effect in our
simulator Givena loop lengthof D cycles,our simulator
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stallsfetchfor D cyclesevery time a controlinstructionis
encountered.

Fortunatelythebranchpredictorandl-Cachecanbeeas-
ily decoupledinsteadof identifying abranchby its PC,the
branchcanbe identi ed by the PC of the instructionthat
startsthe basicblock. As shavn in Figure6(c), PC1is the
startof basicblock X andP C3is thestartof basicblockY .
P C2 is thebranchthatterminatedasicblock X andP C4
is the branchthatterminatesasicblock Y . In the pipeline
describedbefore,P C2 is usedto look up the branchpre-
dictorandtheoutputis P C3. A few cycleslater, it is deter
minedthatP C4 is the next branchandthis is usedasinput
to the branchpredictorto determinethat the next instruc-
tion is PC1, andsoon. In the proposedipeline (shavn
in Figure6(b)), PC1 is usedto index into the branchpre-
dictor andthe outputis PC3. This is fed to the I-Cache,
whereit is queued. The I-Cacheadoptsthis PC as soon
asit encounterghe next controlinstruction. In the mean-
time, P C3 is fed to the branchpredictorandthe outputis
P C1. In essencewhena PCis input to the branchpredic-
tor, thepredictedaddressepresentsontrolinformationfor
the branchthatterminateshebasicblock for thatPC.

Clearly, the samepolicy mustbe adoptedduringupdate.
Oncethe outcomeof PC2 is known, PC1 is usedasthe
index to updatethe branchpredictorstate. WhenP C2 is
encounteredluring fetch, the index of the previousbranch
prediction(P C1) canbe savedin its reorderbuffer (ROB)
entryto facilitatesuchanupdate.

If abasicblock hasmultiple entry points,notethatmul-
tiple branchpredictorentriesarecreatedor the branchthat
terminateshebasicblock. Thismayevenimprovethequal-
ity of the branchpredictor As shavn in Figure 6(b), the
adwantageof the above approachs thatthe microarchitec-
tural loop involving the branchpredictordoesnot include
thel-Cachedecodepr thewire delaysto reachthel-Cache.
For the pipelinesin Figure6 (a) and(b), therestill remains
the loop (not shown in the gure) wherethe branchpre-
dictor andfetch arere-directedbecausef a branch/taget

mis-predict. The solid line in Figure 7 shavs the perfor
manceimpactof the abose approach.Theincreasen wire
delaybetweerbranchpredictorandl-Cacheonly increases
the costof a branchmis-predictand not the ability of the
branchpredictorto producea new targetevery cycle. The
changen thebranchpredictoralgorithm(indexing with ba-
sicblock startaddresshasa minimalimpacton branchpre-
dictor accurag. For nearlyall applicationsthe branchdi-
rectionandtargetaccuray are effectedby muchlessthan
a singlepercentag@oint. In eon the branchdirectionpre-
diction accurag actuallyimproved from 92%to 99% and
in mcf the accurag improvedfrom 92%to 96%. The new
branchpredictoralgorithmimproves|PC by 1% on aver
age,with almostall of thisimprovementbeingattributedto
al9%increasan the IPC for eon As wire delaybetween
branchpredictorandl-CacheincreaseshelPCdegradation
for this new pipelineis mamginal.

The above resultshows that by decouplingbranchpre-
dictor look-up from the I-Cachelook-up, wire delaysbe-
tweenthetwo stagesanbetoleratedallowing greatere x-
ibility when oorplanning. Theproposedgipelineis notthe
only possiblealternatie. The I-Cachecanimplementnext
line andset(NLS) prediction[3] andthe branchpredictor
canbe usedfor moreaccuratepredictionandcanover-ride
the NLS predictionin caseof a disagreementln the com-
mon casewherethe NLS predictionagreeswith thebranch
prediction thewire delaybetween-Cacheandbranchpre-
dictor is not part of ary critical loop. Sucha decoupled
pipelinewill alsobetolerantof I-Cacheto branchpredictor
wire delays.

3.4. Delaysin Executing Dependentinstructions

In Section3.2, we notedthatresultbypassingforward-
ing) canallow RAW-dependentnstructionsto executein
consecutre cyclesevenif thereexist wire delayshetween
theissuequeueandthe ALUs. If thedependeninstructions
executeon different ALUs that are placedfar apart, wire



Average slowdown for delay between different paris of units

40

35

30

25

20 +

15

Percentage slowdown

—e— DCACHE-INTALU
—m— DCACHE-FPALU
—— BPRED-ICACHE

—o— IQ-INTALU

—¥— FPALU-INTALU

- /
5

Extra delay (in cycles)

Figure 8. Effect of wire delays between various execution cluster s.

delaysfor bypassingcanincreasehe gapbetweerthe exe-
cution of thesedependeninstructions. Thesedelayswere
not consideredn theanalysisin [14] (or may have beenat-
tributedto otheraspectf the pipeline). We assumehat
thereexist threeclustersof executionunits: integer ALUS,

oating-point ALUs, andtheload/storeunit. Theloadstore
unit containghelL 1 datacacheandload/storequeug(LSQ).
The integer and FP executionunits also containthe corre-
spondingissuequeuesandregister les. Considerthe fol-

lowing waysin whichtheseclusterccommunicatevith each
other

When executinga load or storeoperation the effective
addresss computedin the integer execution cluster and
communicatedo the LSQ. After memorydisambiguation
is completedtheloadissues.f thetwo clustersareplaced
far apart, the introducedwire delayscausean increasen
loadlateng. Evenif theeffective addresss computedatan
ALU within the load/storeunit, the communicatiorof in-
tegerregistervaluesfrom the integer executionclusterwill
addto load lateng. After a valueis fetchedfrom the data
cache,it is written into eitherthe integer or oating-point
register le. Theresultmayalsobe bypassedo dependent
instructionsexecutingon either the integer or FP ALUs.
In all of the above casesthe wire delaysbetweenthe data
cacheandtheALUs will determinghegapbetweerdepen-
dentinstructions.If anintegervalueis beingfetchedfrom
the datacachethe load-to-usdateng involvestwo trans-
fers on wires betweenthe integer and load/storeunits. If
a oating-point valueis beingfetchedfrom the datacache,
the load-to-usdateng involvesone transferon wires be-
tweenthe integer and load/storeunit and one transferon
wiresbetweertheload/storeunit andFP unit.

Finally, someinstructionsmove resultsbetweenthe in-
tegerand oating-point register les. Wire delaysbetween
thesetwo unitswill increasehe gapbetweerdependenin-
structiongthatexecuteon differentunits.

Figure 8 shows the effect of increasingwire delaysbe-

tweeneachpair of units. The wire delay betweeninteger
andFP unitshasa minorimpacton performanceThewire

delaybetweenthe datacacheandinteger unit impactsper

formancefor mostbenchmarkprograms(overall 38% per

formancedegradatiorfor an8-cycle delay). Thewire delay
betweenthe datacacheand FP unit similarly impactsper

formancefor mostFP programsalthoughto a muchlesser
degree. ComparingFigures5, 7, and 8, we seethat a 4-

cyclewire delaybetweerunitscancausehefollowing per

formancepenalties:

Int cluster$ Ld/Stcluster: 16.7%

Bpred! ICache: 3.3%

IQ! Int-ALU : 3.2%(notincludingthe effect onin-
structionreplay)

Ld/Stcluster! FPcluster: 1%

Basedon theseobsenations,we claimthat oorplans must
primarily strive to reducethe bypassielaysbetweerthe Int
and Ld/St clusters. The delaysbetweenlQ and Int-ALU
mustalsobereducedo minimizebypassingndinstruction
replaycompleity.

4. Impact on Temperature

We use the HotFloorplantool developedby Sankara-
narayanaret al. [14] to evaluatethe thermaleffect of the
proposedipeline modi cations. HotFloorplanemploys a
simulatedannealingalgorithmto determinea oorplan that
minimizeswhite spaceandinter-unit wire overhead.Inter-
unit wire overheadsreweightedby theimpactof thatwire
on overall performance.The primary contribution of this
work is the quanti cation of the IPC impactof majorwire
delays,andcorrespondinglythe weightsthat mustbe em-
ployedby the oorplanning algorithm.



Figure 9. Floorplans generated with weights described in Table 2

TheBasic oorplan assumethatall wireshave anequal

impact on performance— all inter-unit wires receive a Block1-Block2 | Basic | Advanced| Modied
weightof 1. The Advancedoorplan employs the weights IntExec-IntQ 1 39 3
computedby the performanceanalysisin [14]. The Mod- Bpred-1TB 1 1 1
ied oorplan employs the weightscomputedfor our pro- Bpred-Icache 1 28 3
posedpipelines. Similar to the approachin [14], we per Dcache-LdStQ 1 8 1
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down curvesin the previous sectionto getthe slopeof the IntQ -IntReg 1 7 1
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valuesof theseslopesgive us the weightsof variouswires IntMap-LdStQ | 1 > 1
in the oorplan. Theweightsfor eachpair of structureds FPAdd -FPQ 1 5 1
showvn in Table2. The correspondingoorplans areshovn Dcache-L2 1 1 1
in Figure 9. The peakand averagesteadystatetempera- FPMul-FPQ 1 1 1
tures, as reportedby HotFloorplan,are shavn in Table 3. Icache-L2 1 1 1
Table3 alsoreportsthe percentagef areathatis attributed FPMap-FPQ 1 1 1
to deadwhite spaceandthesearesimilar for each oorplan. FPQ-FPRe 1 11 1
DcacheIntExec | NA NA 16

If all weightsare 1 (asin the Basic oorplan), the al-
gorithm can freely move blocks to minimize temperature
with little regardto performance. As someof the inter-
unitweightsareincreasedasin theAdvancec&ndModi ed
oorplans), moreconstraintsareimposedon the oorplan-
ning algorithm, yielding oorplans that are not thermally

Table 2. Wire weights between diff erent blocks for
Basic, Advanced and Modied oorplans.

optimal. As depictedin Table 2, our analysis(Modi ed) Basic | Advanced] Modi ed
identi es _as_mallersubsebf_ performance-crltlcalvlres_;the PeakTemperaturd 335.41| 344.01 338.65
quantitatve impacton IPC is alsolower. Correspondingly Avg Temperature| 324.54| 326.87 395 61
theModi ed oorplan is closerto thethermally-optimaBa- % deadspace 8 4'% 8 9% 8 1'%

sic oorplan in termsof peakandaveragetemperatureTa-
ble 4 shavs wire delaysbetweenvariousblocks obtained
from the oorplanner (in termsof cyclesfor a 1.2 GHz Table 3. Results for the oorplans.
clock). Becausethe algorithm for the Modi ed oorplan



Block1-Block2 | Basic | Advanced | Modi®ed
IntExec-IntQ 0.200 0.136 0.243
Bpred-ITB 0.102 0.141 0.229
Bpred-Ilcache | 0.290 0.163 0.162
Dcache-LdStQ | 0.247 0.172 0.464
IntMap -IntQ 0.110 0.587 0.161
IntQ -IntRegy 0.382 0.086 0.234
DTB -LdStQ 0.340 0.110 0.270
IntMap-LdStQ | 0.163 0.189 0.100
FPAdd -FPQ 0.176 0.141 0.389
DcacheL2 1.005 0.857 0.847
FPMul-FPQ 0.274 0.220 0.300
Icache-L2 0.650 0.339 0.899
FPMap-FPQ 0.072 0.112 0.140
FPQ-FPRg 0.057 0.058 0.078
DcacheIntExec NA NA 0.160

Table 4. wire delays between blocks in the oor -
plans in terms of cycles (clock speed: 1.2GHz).

treatsmostwire delaysasnon-critical,thetotal globalwire
lengthis 41%higherthanthatfor the Advancedoorplan.

5. Conclusions

Themicroarchitecturdloopswithin apipelinedetermine
the gap betweendependeninstructions. In this prelim-
inary study we showv that wire delaysbetweenspecic
pipelinestagegissuequeueandALU; branchpredictorand
I-Cache)arenot part of critical loops. Instead,bypassde-
laysbetweerthe datacacheandinteger ALUs impactover
all IPC the most. If wire delaysareintroducedwithin the
executionback-endpypassinggompleity andthenegative
effect of instructionreplay canincrease.Theseareimpor-
tantphenomenshathave beenignoredby oorplanning al-
gorithmsto date. Our resultswere incorporatedwith the
HotFloorplantool to yield oorplans thatarecloserto the
thermally-optimal oorplan. For futurework, we will carry
outa moredetailedcharacterizatiomf variouswire delays
on differentpipelinesandincludethe effect of instruction
replayin our simulator We will continueto improve our
analysiof oorplanningalgorithms jncludinganextension
to 3D architectures.

References

[1] E. Borch, E. Tune, B. Manne,and J. Emer Loose
LoopsSink Chips.In Proceeding®f HPCA, February
2002.

[2] D. Brooks, V. Tiwari, and M. Martonosi. Wattch:
A Frameavork for Architectural-Level Pover Analysis
andOptimizations.In Proceeding®f ISCA-27 pages
83-94,June2000.

[3] B. CalderandD. Grunwald. Next Cacheline andSet
Prediction.In Proceedingof ISCA-22 Junel995.

[4] J.Cong,A. JagannatharG. ReinmanandM. Rome-
sis. MicroarchitectureEvaluationwith PhysicalPlan-
ning. In Proceeding®f DAC-40, June2003.

[5] M. Ekparyapong,M. Healy, C. Ballapuram,S. Lim,
H. Lee, and G. Loh. Thermal-Avare 3D Microar
chitectural Floorplanning. Technical Report GIT-
CERCS-04-37Geogia Institute of TechnologyCen-
ter for ExperimentaResearchin ComputerSystems,
2004.

[6] M. Ekparyapong,J. Minz, T. Watewai, H. Lee, and
S.Lim. Pro le-GuidedMicroarchitecturaFloorplan-
ning for DeepSubmicronProcessobDesign. In Pro-
ceedingof DAC-41, June2004.

[7] Y. Han,l. Koren,andC. Moritz. TemperaturéAware
Floorplanning. In Proceedingsof TACS-2 (held in
conjunctionwith ISCA-32) June2005.

[8] G. Hinton, D. Sager M. Upton, D. Boggs,
D. CarmeanA. Kyker, andP. Roussel.The Microar-
chitectureof the Pentium4 Processor Intel Technol-
ogy Journal, Q1,2001.

[9] W. Hung, Y. Xie, N. Vijaykrishnan,C. Addo-Quaye,
T. TheocharidesandM. Irwin. Thermal-AvareFloor-
planningusingGeneticAlgorithms. In Proceeding®f
ISQED, March2005.

[10] V. Nookala, D. Lilla, S. Sapatnekar and
Y. Chen. Comparing Simulation Techniquesfor
Microarchitecture-AvareFloorplanning.In Proceed-
ingsof ISPASS March2006.

[11] S. PalacharlaN. Jouppi,andJ. Smith. Compleity-
Effective SuperscalaProcessors.In Proceedingsof
ISCA-24 pagex206—218 Junel997.

[12] K. PuttasvamyandG. Loh. ThermalAnalysisof a3D
Die-Stacled High-PerformanceMicroprocessar In
Proceeding®f GLSVLS) April 2006.

[13] SamsungElectronicsCorporation. SamsungElec-
tronics DevelopsWorld's First Eight-Die Multi-Chip
Packagefor MultimediaCell Phones2005. (Presge-
leasefrom http://www.samsung.com ).

[14] K. Sankaranarayanarf. Velusamy M. Stan, and
K. Skadron. A Casefor Thermal-Avare Floorplan-
ning at the Microarchitectural.evel. Journal of ILP,
7, October2005.

[15] T.Sherwood,E. Perelman(. Hamerly andB. Calder
Automatically CharacterizingLarge Scale Program
Behavior. In Proceedingsof ASPLOS-X October
2002.

[16] Tezzaron Semiconductor

(http://www.tezzaron.com ).



