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Abstract
Theplacementof microarchitectural blocksona diecan

signi�cantly impact operating temperature. A �oorplan
that is optimizedfor low temperature can negatively im-
pactperformanceby introducingwire delaysbetweencrit-
ical pipeline stages. In this paper, we identify subsetsof
wiredelaysthatcanandcannotbetolerated.Thesesubsets
are different from thoseidenti�ed by prior work. This pa-
peralsomakesthecasethat �oorplanning algorithmsmust
considerthe impactof �oorplans on bypassingcomplexity
andinstructionreplaymechanisms.

Keywords: microprocessoroperating temperature, mi-
croarchitectural �oorplanning, critical loops in pipelines.

1. Intr oduction

High transistorand power densitieshave resulted in
thermal issuesemerging as a major designconstraintfor
modern-daymicroprocessors.Each new microprocessor
generationrequiresgreaterdesigneffort to ensurethathigh
performancecan be delivered while maintainingaccept-
ableoperatingtemperatures.The problemis only exacer-
batedby the recentintroductionof vertically stacked 3D
chips[13, 16]. While 3D chipshelp reduceon-chipcom-
municationlatenciesandpower dissipation,they increase
power densitylevels andcancauseoperatingtemperature
to increaseby tensof degrees[12].

Heatproducedby a microarchitecturalstructurespreads
laterallyandvertically. Heatremoval from a high tempera-
tureunit canbeacceleratedby surroundingit with low tem-
peratureunits. Therefore,it hasbeensuggestedby various
researchgroups[4, 5, 6, 7, 9, 10, 14] thatsmartmicroarchi-
tectural�oorplanscanloweron-chippeaktemperaturesand
trigger fewer thermalemergencies. We expect that �oor -
planningwill continueto receive muchattentionin future
years,especiallyin therealmof 3D chips.

A thermal-aware�oorplan cannegatively impactperfor-
mance. If the inputs to a microarchitecturalunit arepro-
ducedby a distantunit, long wire delaysareintroduced.A
recentpaperby Sankaranarayananet al. [14] demonstrates
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thatsomeof thesewire delayscanhaveasigni�cant impact
on overall performance.Therefore,they argue that �oor -
planningalgorithmsmuststrive to co-locatecertainunits,
therebyyielding designswith sub-optimalthermalcharac-
teristics.

In this paper, we re-visit the performanceanalysisof
inter-unit wire delays. We show that smartpipelining can
alleviatetheperformanceimpactof many longwire delays.
Weidentifyasubsetof wiredelays(differentfrom thatiden-
ti�ed by Sankaranarayananetal. [14]) thatcandegradeper-
formancethemost.Thelengtheningof wire delaysalsohas
a salientimpacton registerbypassingcomplexity and in-
structionreplaycomplexity. Theseissuesmustalsoserve
asinputsto any microarchitectural�oorplanning tool.

Section2 describesour simulationmethodology. Sec-
tion 3 describespipelineimplementationsthat cantolerate
wire delaysbetweenpipeline stages. Section3 provides
performanceresults,while Section4 quanti�es the impact
of various�oorplans on temperature.We concludein Sec-
tion 5.

2. Methodology

Ourperformancesimulatoris basedonanextendedver-
sionof Simplescalar-3.0 for theAlpha AXP ISA. Thesim-
ulator modelsseparateissuequeues,register �les, andre-
order buffer (ROB) insteadof a uni�ed Register Update
Unit (RUU). Contentionfor memoryhierarchyresources
(ports, banks,buffers, etc.) are modeledin detail. The
register �le and issuequeueare partitioned into integer
and �oating-point clusters. While Simplescalar's default
pipelineonlyhas� vestages,wemodeltheeffectof adeeper
pipeline on branchmispredictpenalty and register occu-
pancy. Processorparametersare listed in Table 1. The
simulatoris augmentedwith the Wattch [2] power model
to computethe power consumptionof variousmicroarchi-
tecturalstructures.Thesepower valuesserve as inputs to
theHotFloorplan[14] tool (moredetailsonthetool arepro-
vided in later sections). As a benchmarkset, we use23
SPEC2kprograms(perlbmk,facerec, andsixtrack werenot
compatiblewith our simulator).Eachprogramis executed
for a 100million instructionwindow identi�ed by theSim-
point toolkit [15]. Detailedsimulationwascarriedout for
onemillion instructionsto warmupvariousprocessorstruc-
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 at least10cycles Fetch,Dispatch,Commitwidth 4

Issuequeuesize 20 Int, 15FP Register®le size 80 (Int andFP, each)
IntegerALUs/mult-div 4/2 FPALUs/mult-div 2/1

L1 I-cache 32KB 2-way Memorylatency 300cyclesfor the®rst block
L1 D-cache 32KB 2-way 2-cycle L2 uni®edcache 2MB 8-way, 30cycles

ROB/LSQsize 80/40 I andD TLB 128entries,8KB pagesize

Table 1. Simplescalar sim ulator parameter s.

3. Pipelining Wir eDelays

3.1. Pipelining Basics

DeeppipelinescanimpactIPC in many ways.They can
improve IPC becausemore(independent)instructionscan
be simultaneouslyoperateduponin a cycle. The effect of
deeppipelining on dependentinstructionsdependson the
natureof the dependence.Considerthe following two ex-
amples.

Figure1 showsthebehavior of abranchmis-predictin a
shallow anddeeppipeline. In eithercase,a certainnumber
of gatedelays(say, N FO4gatedelays)mustbenavigated
to determinethe outcomeof the branch. In the shallow
pipeline,it takesfour pipelinestagesto executethebranch,
so the penalty for a branchmis-predictequalsN + 4V ,
whereV equalsthe latch andskew overheadper pipeline
stage.In thedeeppipeline,it takeseightpipelinestagesto
executethebranch,sothepenaltyfor a branchmis-predict
equalsN + 8V. In other words, the deeppipeline has
increasedthe gapbetweentwo control-dependentinstruc-
tions.

Figure2 shows the behavior of a 64-bit integer addin-
struction in shallow and deeppipelines. In the shallow
pipeline (Figure 2(a)), the add is completedin a single
pipelinestageandthegapbetweentwo dependentaddop-
erationsis M + V , whereM representstheFO4gatedelays
requiredto completethe64-bit add. In thedeeppipelines,
the addoperationis broken into 4 pipeline stages. If the
seconddependentinstructioncanbegin executiononly af-
ter the �rst instructioncompletes(shown in Figure 2(b)),
the gap betweenthe instructionsis M + 4V . However,
the pipeline may be such that 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 seconddependentinstructioncanstartoper-
ating on its 16 least-signi�cantbits assoonasthe �rst in-
structionleavesthe �rst stage. A similar pipelineorgani-
zation hasbeenimplementedin Intel's Netburst microar-
chitecture[8]. With this pipeline,the gapbetweendepen-
dent instructionsis M =4 + V . Therefore,a deeppipeline
doesnot necessarilylengthenthe gap betweendependent
instructions.Thepipelineimplementationandthenatureof

thedependencedeterminetheperformanceeffectof adding
stagesto a pipeline. In other words,a microarchitectural
loop is formedwhentheoutputof onepipelinestageis re-
quiredasan input to an earlierstage[1]. If the introduc-
tion of additionalpipelinestagesdoesnot lengthencritical
microarchitecturalloops, IPC will not be signi�cantly de-
graded.

The microarchitecturalunits within a typical out-of-
ordersuperscalarprocessorareshown in Figure3(a). Each
of theseunitscanrepresenta singlepipelinestage(or mul-
tiple pipelinestagesin orderto enablehigh clock speeds).
During the processof microarchitectural�oorplanning,
someof theunitsmaybeplacedfar apart. Thewire delay
for communicationbetweentheunitsmaybe long enough
thatmultiple pipelinestageshave to beintroducedbetween
the units just for datatransfer. Figure 3(b) shows an ex-
amplewherethreenew pipelinestagesare introducedbe-
tweenthebranchpredictorandI-cache,andbetweenthein-
teger issuequeueandtheintegerexecutionunits. Sankara-
narayananet al. [14] claim that separatingtheseunits has
the most signi�cant impact on performance.They report
that for thesesetsof units, the introductionof four addi-
tional pipelinestagesresultsin an executiontime increase
of 50% and65%. Next, we show that the pipelinecanbe
designedsuchthatthesewire delayscanbetolerated.

3.2. Back­End Pipelines

Considerthe pipelineshown in Figure4. The wakeup
and selectoperationhappenswithin the issuequeuein a
singlepipelinestage.At the endof the stage,it is known
that instructionA is readyto execute.Control information
is sentto the ALU throughlong wires that constitutefour
pipelinestages(in this example).In themeantime,thereg-
ister tagsfor theinput operandsaresentto theregister�le,
thevaluesarereadin a singlepipelinestage,andtheseval-
uesthenarriveattheALU. TheALU canbegin its computa-
tion oncethecontrol informationandtheregisteroperands
arriveat theALU. If thewakeupandselectoperationcom-
pletesat theendof cycle t, thecomputationbeginsin cycle
t + D , wheredelayD is determinedby the lengthof the
critical path(eitherfor theregisteraccessor for thecontrol
information). In a compact�oorplan with a single-cycle
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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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(a)  Shallow 1-stage pipeline

16-bit
add

Delay:  M/4    V     M/4    V    M/4     V    M/4     V

Cycle 1:   r3 
�

r1 + r2
Cycle 5:   r5 

�

r3 + r4
Gap between dependent

instructions: M + 4V

(b)  Deep 4-stage pipeline (long loop)
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(c)  Deep 4-stage pipeline (short loop)
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Figure 2. The ALU-b ypass loop in shallo w and deep pipelines.

(a) Pipeline for an example baseline processor that may not be thermal-aware

BPred I$ Decode Rename IQ
Reg
Read

ALU D$
Reg
Write

Commit

(b) Thermal-aware processor with 3 stages of wire delays between Bpred-I$ and IQ-ALU

BPred I$ Decode Rename IQ
Reg
Read

ALU D$
Reg
Write

Commit

Figure 3. Pipelines for a baseline processor and for a thermal-a ware processor that places BPred and ICache
far apar t, and IQ and ALU far apar t.
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ALU
IQ

Reg
Read

Issued instr’s
tag loops back
to issue queue Instr’s result

is bypassed
to dependent

Instr  A:    r3 � r1 + r2
Instr  B:    r5 � r3 + r4

Cycle at which each instr leaves
each pipeline stage:

A            B 

IQ              t            t+1
ALU           t+5         t+6 

Latches for 4 pipeline
stages of wire delays

Figure 4. Tight loops within a pipeline that places IQ and ALU far apar t.
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register�le access,D canbeassmallas2. In the�oorplan
in Figure4, wherethewire delaysfor thecontrol informa-
tion areon thecritical path,D is 5.

However, the gapbetweenread-after-write (RAW) de-
pendentinstructionsis not a function of D . The wakeup
andselectoperationcompletesin cycle t and it is known
that instructionA will produceits outputat theendof cy-
cle t + D (assumingthat the ALU operationcompletesin
a singlecycle). Accordingly, in cycle t + 1, theoutputreg-
ister for instructionA will be broadcastto the issuequeue
andat the endof cycle t + 1, wakeupandselectwill pro-
ducethedependentinstructionB of instructionA. Instruc-
tion B 's control information and register valuesarrive at
the ALU at the endof cycle t + D . InstructionB begins
its executionin cycle t + D + 1, replacingoneof its reg-
ister operandswith the result of A that is readoff of the
bypassbus (note that the result of A is readyby the end
of cycle t + D). Thus, regardlessof the valueof D , the
gap betweendependentinstructionsremainsa single cy-
cle(max(latency for theALU+bypassoperation,latency for
wakeup+select)).In essence,the gapis determinedby the
maximumlength of a dependentloop. Thereis one loop
within the issuequeue,wherethe resultof wakeup+select
feedsbackinto thewakeup+selectfor thenext cycle. There
is a secondloop within theALU andbypassbus,wherethe
outputof anALU operationis bypassedbackto the inputs
of theALU for usein thenext cycle. However, neitherof

theseloops involve the delayD . The delayD will in�u-
encethe loop that re-directsfetchon discoveringa branch
mis-predict.It alsoaffectstheloopthatreleasesregisterson
commitandmakestheseregistersavailableto thedispatch
stage.Thereareothereffectson lesscritical loops,suchas
theloop for branchpredictorupdate.

In Figure5, we show the impactof delayD on overall
averageIPC for SPEC2kprograms.Thethin dashedline in
Figure5 reproducesthe result in [14] anddepictsthe IPC
slowdown as a function of the wire delayD betweenthe
integer issuequeueand the integer executionunits. The
bold dashedline representsour simulationwherethe gap
betweendependentinstructionsis varied as a function of
D . Finally, thesolid line in Figure5 representsthesimula-
tion whereD only impactsthebranchmis-predictpenalty,
the delay in releasingregisters,and not the gap between
RAW-dependentinstructions.We seethatthewire delayD
hasa negligible impacton overall performance,unlike the
conclusiondrawn in [14].

The above analysisdoesnot take two importanteffects
into account. Firstly, as D increases,the likelihood of
readingan invalid operandfrom the register�le increases.
Hence,more bypassregistersare requiredat the ALU to
buffer the resultsof instructionsexecutedin the lastR cy-
cles. R is a functionof register�le readandwrite latency
andthewire delaysbetweentheALU andregister�le. Cor-
respondingly, thecomplexity of themultiplexor beforethe
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(a) Loops within the pipeline's front-end

PC1: …
…
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Basic block X        Basic block Y

Pipeline (a)             PC2    PC3
Pipeline (b)             PC1    PC3

Bpred input     output

(c) Example basic block behavior

BPred

BTB

RAS

BBPC I Cache
Partial

Decode

(b) Tighter loops within the front-end

Figure 6. Loops within front-end pipelines.

ALU alsoincreases[11]. It is possiblethat an increasein
D (and correspondinglyin R) may result in an increase
in bypassdelay, therebyintroducingstall cycles between
RAW-dependentinstructions.It is unlikely thata processor
will bedesignedto allow suchstallsbetweenevery pair of
RAW-dependentinstructions.We expectthatthefollowing
designmethodologyis more realistic: circuit complexity
analysiswill yield the maximumnumberof bypassregis-
tersthatcanbeaccommodatedin a cycle; correspondingly,
themaximumalloweddelayD is fed asa constraintto the
�oorplanning algorithm.Palacharlaet al. [11] quantifyby-
passingcomplexity asafunctionof issuewidth andwindow
size. A similar analysiscanhelp quantify bypassingcom-
plexity asa function of bypassregistersandthis is left as
futurework.

The secondimportanteffect of increasingD is thecost
of instructionreplaymechanisms.Processorssuchas the
Pentium4[8] implementload-hitspeculationwith selective
replaywithin the issuequeue.Whenan instructionleaves
the issuequeue,basedon the expectedlatency of the in-
struction,a subsequentwakeupoperationis scheduled.A
loadis avariable-latency instructionandawakeupis sched-
uled, assumingthat the load will hit in the cachewith no
bankcon�icts. As soonasit is known thattheloadlatency
doesnotmatchthebest-caselatency, dependentinstructions
thathave alreadyleft the issuequeuearesquashed.These
instructionswill subsequentlybere-issuedaftertheloadla-
tency is known. Also, dependentsof loadsarekept in the
issuequeueuntil the load latency is known. This simpli-
�es the recovery from the load-hitmis-speculationandfa-
cilitates replay. Thus, load-hit speculationcan negatively
impactperformancein two ways: (i) replayedinstructions
contendtwice for resources,(ii) issuequeueoccupancy in-
creases,therebysupportinga smallerin-�ight window, on
average.A deeperpipelinecanexacerbatethisperformance
impactbecauseit takeslongerto detectif theloadis ahit or

a miss.Borchet al. [1] conductanexperiment(Figure5 in
[1]) to determinethe impactof a deeppipelineon load-hit
speculation.While keepingthebranchmispredictpenaltya
constant,they show that reducingsix pipelinestagesfrom
theload-hitspeculationloop causesspeedupsrangingfrom
1.02 to 1.15, with an averageof 1.07. Therefore,the ad-
dition of pipeline stagesbetweenthe issuequeueand the
executionunitswill impactperformance,but not asdrasti-
cally asthatindicatedby [14].

3.3. Front­End Pipelines

The resultsin [14] show that wire delaysbetweenthe
branchpredictorandI-cachehavethesecondlargestimpact
on performance.The branch/jump/returnPC servesasan
input to the branchpredictor, branchtarget buffer (BTB),
andreturnaddressstack(RAS). Correspondingly, thenext
targetaddressis determined.Thistargetaddressis 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,thenext sequentialcacheline is fetchedfrom the
I-Cache.Whena branch/jump/returninstructionis encoun-
tered,thePCis sentto thebranchpredictorto determinethe
next fetch address.In the pipelinejust described(andde-
pictedin Figure6(a)),therearetwo loops.Thelongerloop
determinesthenext input to thebranchpredictor/BTB/RAS
after fetchinganddecodingthe instruction. If wire delays
areintroducedbetweenthebranchpredictor/BTB/RASand
the I-Cache,this loop becomeslongerand the rate of in-
structionfetch is severely crippled. The thin dashedline
in Figure7 reproducestheresultsin [14] andindicatesthe
performancedegradationeffect of introducingwire delays
betweenthebranchpredictorandI-Cache.Thebolddashed
line in Figure7 attemptsto model a similar effect in our
simulator. Given a loop lengthof D cycles,our simulator
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stallsfetch for D cyclesevery time a control instructionis
encountered.

Fortunately, thebranchpredictorandI-Cachecanbeeas-
ily decoupled.Insteadof identifyingabranchby its PC,the
branchcanbe identi�ed by the PC of the instructionthat
startsthebasicblock. As shown in Figure6(c),PC1 is the
startof basicblockX andPC3 is thestartof basicblockY .
PC2 is thebranchthatterminatesbasicblock X andPC4
is thebranchthat terminatesbasicblock Y . In thepipeline
describedbefore,PC2 is usedto look up the branchpre-
dictorandtheoutputis PC3. A few cycleslater, it is deter-
minedthatPC4 is thenext branchandthis is usedasinput
to the branchpredictorto determinethat the next instruc-
tion is PC1, andso on. In the proposedpipeline(shown
in Figure6(b)), PC1 is usedto index into thebranchpre-
dictor and the output is PC3. This is fed to the I-Cache,
whereit is queued. The I-Cacheadoptsthis PC as soon
asit encountersthe next control instruction. In the mean-
time, PC3 is fed to thebranchpredictorandtheoutputis
PC1. In essence,whena PCis input to thebranchpredic-
tor, thepredictedaddressrepresentscontrolinformationfor
thebranchthatterminatesthebasicblock for thatPC.

Clearly, thesamepolicy mustbeadoptedduringupdate.
Oncethe outcomeof PC2 is known, PC1 is usedas the
index to updatethe branchpredictorstate. WhenPC2 is
encounteredduring fetch,the index of thepreviousbranch
prediction(PC1) canbesaved in its reorderbuffer (ROB)
entryto facilitatesuchanupdate.

If a basicblock hasmultiple entrypoints,notethatmul-
tiple branchpredictorentriesarecreatedfor thebranchthat
terminatesthebasicblock. Thismayevenimprovethequal-
ity of the branchpredictor. As shown in Figure6(b), the
advantageof theabove approachis that themicroarchitec-
tural loop involving the branchpredictordoesnot include
theI-Cache,decode,or thewire delaysto reachtheI-Cache.
For thepipelinesin Figure6 (a) and(b), therestill remains
the loop (not shown in the �gure) wherethe branchpre-
dictor andfetch arere-directedbecauseof a branch/target

mis-predict. The solid line in Figure7 shows the perfor-
manceimpactof theabove approach.The increasein wire
delaybetweenbranchpredictorandI-Cacheonly increases
the costof a branchmis-predictandnot the ability of the
branchpredictorto producea new targetevery cycle. The
changein thebranchpredictoralgorithm(indexing with ba-
sicblockstartaddress)hasaminimal impactonbranchpre-
dictor accuracy. For nearlyall applications,thebranchdi-
rectionandtargetaccuracy areeffectedby muchlessthan
a singlepercentagepoint. In eon, thebranchdirectionpre-
diction accuracy actually improved from 92% to 99% and
in mcf, theaccuracy improvedfrom 92%to 96%. Thenew
branchpredictoralgorithm improvesIPC by 1% on aver-
age,with almostall of this improvementbeingattributedto
a 19%increasein theIPC for eon. As wire delaybetween
branchpredictorandI-Cacheincreases,theIPCdegradation
for thisnew pipelineis marginal.

The above resultshows that by decouplingbranchpre-
dictor look-up from the I-Cachelook-up, wire delaysbe-
tweenthetwo stagescanbetolerated,allowing greater�e x-
ibility when�oorplanning. Theproposedpipelineis not the
only possiblealternative. TheI-Cachecanimplementnext
line andset(NLS) prediction[3] andthe branchpredictor
canbeusedfor moreaccuratepredictionandcanover-ride
theNLS predictionin caseof a disagreement.In thecom-
moncasewheretheNLS predictionagreeswith thebranch
prediction,thewire delaybetweenI-Cacheandbranchpre-
dictor is not part of any critical loop. Sucha decoupled
pipelinewill alsobetolerantof I-Cacheto branchpredictor
wire delays.

3.4. Delaysin ExecutingDependentInstructions

In Section3.2,we notedthatresultbypassing(forward-
ing) can allow RAW-dependentinstructionsto executein
consecutive cycleseven if thereexist wire delaysbetween
theissuequeueandtheALUs. If thedependentinstructions
executeon differentALUs that are placedfar apart,wire
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delaysfor bypassingcanincreasethegapbetweentheexe-
cution of thesedependentinstructions.Thesedelayswere
not consideredin theanalysisin [14] (or mayhavebeenat-
tributedto otheraspectsof the pipeline). We assumethat
thereexist threeclustersof executionunits: integerALUs,
�oating-point ALUs, andtheload/storeunit. Theloadstore
unit containstheL1 datacacheandload/storequeue(LSQ).
The integer andFP executionunits alsocontainthe corre-
spondingissuequeuesandregister�les. Considerthe fol-
lowingwaysin whichtheseclusterscommunicatewith each
other.

Whenexecutinga load or storeoperation,the effective
addressis computedin the integer executioncluster and
communicatedto the LSQ. After memorydisambiguation
is completed,theloadissues.If thetwo clustersareplaced
far apart, the introducedwire delayscausean increasein
loadlatency. Evenif theeffectiveaddressis computedatan
ALU within the load/storeunit, the communicationof in-
tegerregistervaluesfrom the integerexecutionclusterwill
addto load latency. After a valueis fetchedfrom thedata
cache,it is written into either the integer or �oating-point
register�le. Theresultmayalsobebypassedto dependent
instructionsexecutingon either the integer or FP ALUs.
In all of theabove cases,thewire delaysbetweenthedata
cacheandtheALUs will determinethegapbetweendepen-
dentinstructions.If an integervalueis beingfetchedfrom
the datacache,the load-to-uselatency involvestwo trans-
fers on wires betweenthe integer and load/storeunits. If
a �oating-point valueis beingfetchedfrom thedatacache,
the load-to-uselatency involvesone transferon wires be-
tweenthe integer and load/storeunit and one transferon
wiresbetweentheload/storeunit andFPunit.

Finally, someinstructionsmove resultsbetweenthe in-
tegerand�oating-point register�les. Wire delaysbetween
thesetwo unitswill increasethegapbetweendependentin-
structionsthatexecuteondifferentunits.

Figure8 shows the effect of increasingwire delaysbe-

tweeneachpair of units. The wire delaybetweeninteger
andFPunitshasa minor impacton performance.Thewire
delaybetweenthedatacacheandintegerunit impactsper-
formancefor mostbenchmarkprograms(overall 38%per-
formancedegradationfor an8-cycledelay).Thewire delay
betweenthe datacacheandFP unit similarly impactsper-
formancefor mostFPprograms,althoughto a muchlesser
degree. ComparingFigures5, 7, and8, we seethat a 4-
cyclewire delaybetweenunitscancausethefollowing per-
formancepenalties:

� Int cluster$ Ld/Stcluster: 16.7%

� Bpred! ICache: 3.3%

� IQ ! Int-ALU : 3.2%(not includingtheeffect on in-
structionreplay)

� Ld/Stcluster! FPcluster: 1%

Basedon theseobservations,we claim that�oorplans must
primarily strive to reducethebypassdelaysbetweentheInt
and Ld/St clusters. The delaysbetweenIQ and Int-ALU
mustalsobereducedto minimizebypassingandinstruction
replaycomplexity.

4. Impact on Temperature

We use the HotFloorplantool developedby Sankara-
narayananet al. [14] to evaluatethe thermaleffect of the
proposedpipelinemodi�cations. HotFloorplanemploys a
simulatedannealingalgorithmto determinea �oorplan that
minimizeswhite spaceandinter-unit wire overhead.Inter-
unit wire overheadsareweightedby theimpactof thatwire
on overall performance.The primary contribution of this
work is thequanti�cation of the IPC impactof majorwire
delays,andcorrespondingly, theweightsthat mustbe em-
ployedby the�oorplanning algorithm.
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Figure 9. Floorplans generated with weights described in Table 2

TheBasic�oorplan assumesthatall wireshaveanequal
impact on performance– all inter-unit wires receive a
weightof 1. The Advanced�oorplan employs theweights
computedby the performanceanalysisin [14]. The Mod-
i�ed �oorplan employs the weightscomputedfor our pro-
posedpipelines. Similar to the approachin [14], we per-
form linear regressionanalysison the performanceslow-
down curvesin theprevioussectionto get theslopeof the
line bestapproximatingeachslowdown curve. Therelative
valuesof theseslopesgive us theweightsof variouswires
in the �oorplan. The weightsfor eachpair of structuresis
shown in Table2. Thecorresponding�oorplans areshown
in Figure 9. The peakand averagesteadystatetempera-
tures,as reportedby HotFloorplan,areshown in Table3.
Table3 alsoreportsthepercentageof areathatis attributed
to deadwhitespaceandthesearesimilar for each�oorplan.

If all weightsare 1 (as in the Basic �oorplan), the al-
gorithm can freely move blocks to minimize temperature
with little regard to performance. As someof the inter-
unit weightsareincreased(asin theAdvancedandModi�ed
�oorplans), moreconstraintsareimposedon the�oorplan-
ning algorithm, yielding �oorplans that are not thermally
optimal. As depictedin Table 2, our analysis(Modi�ed)
identi�es asmallersubsetof performance-criticalwires;the
quantitative impacton IPC is alsolower. Correspondingly,
theModi�ed �oorplan is closerto thethermally-optimalBa-
sic �oorplan in termsof peakandaveragetemperature.Ta-
ble 4 shows wire delaysbetweenvariousblocksobtained
from the �oorplanner (in terms of cycles for a 1.2 GHz
clock). Becausethe algorithm for the Modi�ed �oorplan

Block1-Block2 Basic Advanced Modi�ed
IntExec-IntQ 1 39 3
Bpred-ITB 1 1 1

Bpred-Icache 1 28 3
Dcache-LdStQ 1 8 1
IntMap-IntQ 1 1 1
IntQ -IntReg 1 7 1
DTB -LdStQ 1 6 1

IntMap-LdStQ 1 5 1
FPAdd -FPQ 1 5 1
Dcache-L2 1 1 1
FPMul -FPQ 1 1 1
Icache-L2 1 1 1

FPMap-FPQ 1 1 1
FPQ-FPReg 1 11 1

Dcache-IntExec NA NA 16

Table 2. Wire weights between diff erent bloc ks for
Basic, Advanced and Modi�ed �oorplans.

Basic Advanced Modi�ed
PeakTemperature 335.41 344.91 338.65
Avg Temperature 324.54 326.87 325.61

% deadspace 8.4% 8.9% 8.1%

Table 3. Results for the �oorplans.
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Block1-Block2 Basic Advanced Modi®ed
IntExec-IntQ 0.200 0.136 0.243
Bpred-ITB 0.102 0.141 0.229

Bpred-Icache 0.290 0.163 0.162
Dcache-LdStQ 0.247 0.172 0.464
IntMap -IntQ 0.110 0.587 0.161
IntQ -IntReg 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
Dcache-L2 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-FPReg 0.057 0.058 0.078

Dcache-IntExec NA NA 0.160

Table 4. Wire delays between bloc ks in the �oor -
plans in terms of cyc les (cloc k speed: 1.2GHz).

treatsmostwire delaysasnon-critical,thetotal globalwire
lengthis 41%higherthanthatfor theAdvanced�oorplan.

5. Conclusions

Themicroarchitecturalloopswithin apipelinedetermine
the gap betweendependentinstructions. In this prelim-
inary study, we show that wire delaysbetweenspeci�c
pipelinestages(issuequeueandALU; branchpredictorand
I-Cache)arenot part of critical loops. Instead,bypassde-
laysbetweenthedatacacheandintegerALUs impactover-
all IPC the most. If wire delaysare introducedwithin the
executionback-end,bypassingcomplexity andthenegative
effect of instructionreplaycanincrease.Theseareimpor-
tantphenomenathathavebeenignoredby �oorplanning al-
gorithmsto date. Our resultswere incorporatedwith the
HotFloorplantool to yield �oorplans that arecloserto the
thermally-optimal�oorplan. For futurework, wewill carry
out a moredetailedcharacterizationof variouswire delays
on differentpipelinesandincludethe effect of instruction
replay in our simulator. We will continueto improve our
analysisof �oorplanningalgorithms,includinganextension
to 3D architectures.
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