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ABSTRACT

The instructionwindow is a critical componentand a major en-
emgy consumelin out-of-ordersuperscalaprocessors An impor-
tantsourceof enegy consumptiorin theinstructionwindow is the
instructionwakeup: a completinginstructionbroadcaststs result
registertagandanassociatie comparisornis performedwith all the
entriesin thewindow.

This papershaws that a very large fraction of the completing
instructionshave to wake up no morethana singleinstructioncur-
rently in the window. Consequentlywe proposeto saze enegy
by usingindexing to only enablethe comparatorat the singlein-
structionto wake up. Only in the rare casewhenmorethanone
instructionneedsto wake up, our schemerevertsto enablingall
the comparator®r a subsetof them. For this reasonwe call our
schemeHybrid. Overall,ourschemas very effective: for aproces-
sorwith a 96-entrywindow, thenumberof comparisonperformed
by the averagecompletinginstructionwith a destinatiorregisteris
reducedto 0.8. The exact magnitudeof the enegy savings will
dependon the speci ¢ instructionwindow implementation. Fur-
thermorethe applicationsuffers no performanceenalty

Categories& Subject Descriptors:

C.0ComputerSystemOrganization: SystemArchitectures.
C.1.1SingleDataStreamArchitectures:RISC/CISC,VLIWArchitectures
C.5.3MicrocomputersMicroprocessors.

General Terms: Design ExperimentationPerformance
Keywords: Low Pawer, WakeupLogic, Issuel ogic

1. INTRODUCTION

The instructionwindow is a centralpieceof the machineryre-
quiredto supportout-of-orderexecutionin modernhigh perfor
manceprocessorslinstructionsareinsertedin the instructionwin-
dow after their registershave beenrenamedto eliminate output
andanti dependencesnstructionswait in the window until their
operandsareready at which point true dependencesan be satis-
ed andthe instructionscan be issuedto the functional units for
execution.
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When an instruction nishes its execution,its destinationreg-
ister numberis typically broadcastedo all the instructionsin the
window. The purposeis to inform all dependentnstructionsof
the availability of theresult. Eachentry compareghe broadcasted
tagto its own sourceregistertags. If thereis a match,the source
operands latchedandthe dependeninstructionmay be readyto
execute.

This tag broadcasandassociatie comparisoris calledinstruc-
tion wakeup. It requiresdriving a registertag throughlong wires
and comparingit to all the sourceregistertagsin the instruction
window. Consequentlyit canconsumesubstantiaénegy.

To reducethe enegy consumedy instructionwakeup, Foleg-
naniandGonzalehaverecentlyproposedeveraloptimizationd5].
Speci cally, window entriesthat are either empty or containin-
structionsthatalreadyhave all their sourceoperandswvailable,are
not comparedagninst the broadcastedegister number Further
more, the size of the instructionwindow is dynamicallyadjusted
to reduceemptyarea.Accordingto [5], by disablingcomparisons
to emptyandreadyentriesin a 128-entrywindow, we decreas¢he
numberof comparisongerformedby the averagecompletingin-
structionto only 14.2.

While thisis a very signi cant reduction,our dataindicatesthat
we canfurtherreducethe numberof comparisonger nishing in-
struction. Indeed,we will shav that the large majority of com-
pleting instructionshave only one single dependeninstructionin
thewindow. Furthermorethelocationof the dependeninstruction
canbe easilyrecordedwvhenthe latter is insertedinto the instruc-
tion window. Consequentlywe proposeto remembethe location
of the dependeninstruction,and useindexing to enableonly the
comparatoin the singledependeninstruction.Thisis muchmore
enepgy efcient. In the rare casewhenmorethanoneinstruction
needsto wake up, we revert to enablingall the comparatorr a
subsetof them. This schemewhich we call Hybrid, is very ef-
fective: for a processomwith a 96-entrywindow, the numberof
comparisongerformedby the averagecompletinginstructionis
reducedo 0.8.

Therestof the papelis organizedasfollows: Section2 discusses
the rationalefor our optimization, Section3 shawvs the microar
chitecturaldesign,Section4 presentghe evaluationervironment,
Section5 evaluatesthe design,Section6 discusseselatedwork
and, nally, Section7 concludes.

2. RATIONALE

Figure 1 shaws the typical operationof the instructionwindow.
An instructionwindow hasmary entries,eachonecorresponding
to oneinstruction. The informationrecordedn anentryincludes
theopcodeandthe physicalregisternumberqalsocalledtags)for
the sourceoperand(spndthe destination. Thereis onereadybit
for eachsourceoperand Onceall thereadybits for theinstruction
areset,theinstructionis readyto be executed.The arbiterselects
ready instructionsand sendsthem to the properfunctional units



for execution. Right beforean instruction nishes execution,the
destinationregisternumberis broadcastedbackto the instruction
window to wake up thewaitinginstructions.Thisbroadcasandthe
resultingmary comparisonsypically consumesubstantiaknegy.
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Figure 1: Typical operation of the instruction window.

Comparisongareneededdecausenary instructionsmaydepend
ontheresultof asingleinstruction.However, if welook atordinary
code,not mary instructionshave multiple dependeninstructions.
For example,asshavn in Figure2, we nd thatin a normaldy-
namicinstructionstream(of theapplicationgletailedin Sectiord),
around70%of theinstructionswith a destinatiorregister® have at
mostonedependeninstruction. Furthermorejf we only consider
dependeninstructionsthat are in the windowwhenthe producer
completesthe fraction of instructionswith at mostonedependent
is signi cantly higher This is becausean instructionmay have a
dependenso far down the instructionstreamthat, by the time the
instruction nishes, the dependenis notyetin theinstructionwin-
dow and,therefore doesnot needto bewokenup by the producer
We call the dependeninstructionsthatarein thewindow close-by
dependents.
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Figure 2: Breakdawnn of dynamic instructions basedon the number of
dependentinstructions that they have.

Thefraction of instructionsthathave oneor no close-bydepen-
dentdepend®on the compilerandthe actualprocessar As an ex-
ample,Figure3 shows the fraction of instructionsthathave oneor
no close-bydependenin a 96-entrywindow. We considetwo pro-
cessorarchitecturesnamelyNormal and Slow Memory Normal
modelsatypical workstationwith a high-endprocessqgrasdetailed
in Section4. SlowMemorysimply doublesthe latengy andoccu-
pang for eachHevel of thememoryhierarcly to factorin thewiden-
ing speedgap betweenrmemoryandprocessarAs canbeseen;n
Normal on average91.3%of the completinginstructionshave at
mostoneclose-bydependeninstruction. Moreover, wideningthe
gapbetweerthe processoandmemoryspeeddoesnot changethe
resultmuch.

Branchesandstoresdo not have a destinatiorregister

Figure 3: Percentageof completing instructions with no more than
oneclose-bydependentinstruction in a 96-entry window.

This measuremerguggestshata plain broadcast-basedakeup
mechanisntanbeimprovedupon. If eachentryin theinstruction
window hada single pointerpointing to a close-bydependenin-
struction,in mostof the casesysingthat pointerwould sufce to
wakeupall thenecessarjnstructions.

3. ENERGY-EFFICIENT WAKEUP LOGIC

To reducethe enegy consumedy instructionwakeup,we pro-
poseto useindexing. Furthermoregiventhemeasurementsf Sec-
tion 2, we optimize the micro-architectureor single-instruction
wakeup. The resultingsystemis very enegy-efcient becauset
eliminatesheneedto activatecomparatorin every entryof thein-
structionwindow. Insteadonly onecomparatois activatedin the
commoncase.

In thefollowing, we presenthemicro-architecturandthencon-
siderinstructionsthat have to wake up morethanoneinstruction.
We alsoexamineotherissues.

3.1 ProposedMicr o-Architecture

Ourschemeaddsone eld totheRegisterAlias Table(RAT), and
one eld andonebit to theinstructionwindow. Theseextensions
areshown in solid shadedpatternin Figure4.
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Figure 4: Proposedmicro-architectural extensions.

Typically, whenaninstructionis aboutto beinsertedin the in-
structionwindow, a checkis madeto determinewhetheror not its
sourceregistersareavailable. This canbe doneby checkingsome
statein theregister le or RAT. For illustration purposesFigure4
usesareadybit perregisterin theregister le. If ary of thesource
registersis not ready the instructionwaitsin the window until all
its remainingsourceoperandsareproducedat which pointthein-
structionis readyto execute.



In our optimizedmicro-architectureywhenan instructionis in-
sertedin the instructionwindow andary of its sourceregistersis
not readyyet, we take a specialaction. For eachsourceregister
not ready we identify the entry of the producerinstructionin the
window. Then,in thatentry we storea pointerto the consumer
instruction. The pointeris simply the index of the consumerin-
structionin thewindow. The pointeris storedin anewv Dependent
Instruction-windowEntry (DIE) eld (Figure4). In addition,the
Emptybit of the produceiinstructionis reset.

Note thatwe caneasilyidentify the producerinstructionfor ary
sourceregisterthatis notready Thisis becauseasshown in Fig-
ure4,weaddanen eld intheRAT calledtheProducerinstruction-
windowEntry (PIE). The PIE pointsto theentryin thewindow for
the instructionthat will producethe correspondingegister The
PIEis setwhenthe produceiinstructionis insertednto theinstruc-
tion window.

With this support,instructionsproceedasfollows. Whenanin-
structionis decodedindinsertednto theinstructionwindow, if any
of its sourceregistersis not ready we follow the PIE pointer(s)to
nd the producerinstruction(s). Then, the DIE pointersof such
instructionsaresetto pointto theentryin thewindow correspond-
ing to the consumeinstruction.Later, whena producetinstruction
completesit passests DIE pointerthrougha decodetto only en-
able the comparatoiin the consumeiinstructionand wake it up.
Sucha selectve wakeupsasesenenpy.

3.2 Waking Up Mor e Than One Instruction

A schemawith asingleDIE pointerperinstructionwindow en-
try canonly supportinstructionsthat have at mostone dependent
instructionin the window. To handlethe muchlesslikely caseof
instructionswith morethanoneclose-bydependeninstructionwe
proposewo possibleapproaches.

The rst solution we proposeinvolves stalling. We call this
schemelndexing-Only. In this schemewhen an instructionthat
is aboutto be insertedinto instructionwindow nds that at least
oneof its producershasthe Emptybit reset,it is notinserted,and
instructiondecodingis stoppeduntil the producerexecutes. This
mechanisnis similar to the casewhenthe systemrunsout of re-
namedregisters.

Thesecondsolutionwe proposénvolvesrevertingbackto broad-
casting.We call this approactHybrid. For this approachwe need
the additionalhardware shawn in the stripedareain Figure4: the
Broadcastit and(optionally)the Snoopbit in theinstructionwin-
dow. In this case,whenan instructionis beinginsertedinto in-
structionwindow, the Emptybit of its producerinstruction(s)is
checled. If the Emptybit is resetfor one producer the hardware
setsthe Broadcastbit of that producer The sameis donefor the
otherproducerif ary. This bit will forcethe producerinstruction
to broadcasits resulttagto all theinstructionsn thewindow upon
completion.We call this schemeHybrid-Plain.

We canimprove on the Hybrid-Plain schemewith the useof the
Snoopbit. This bit cangate unnecessargomparisons.With this
bit, whenaresulttagis broadcastetb all instructionspnly theen-
tries with the Snoopbit setwill actually performthe comparison.
Consequentlywhen we setthe Broadcastbit for a producerin-
struction,we alsosetthe Snoopbit for two instructions:the newly-
insertedconsumeiinstructionand the one pointedto by the DIE
pointerof the producer If the Broadcastbit wasalreadyset,then
we only needto setthe Snoopbit for the newly-insertedconsumer
With this support,whena producerinstructionbroadcasts result
tag, only a very smallnumberof the entries(thosewith the Snoop
bit set)will actuallyperformthe comparisonWe call this scheme
Hybrid-Snoop

A third alternatve couldbeto adda secondIE pointerperwin-
dow entry. However, suchasolutionis notvery attractve: although
we increasehenumberof casehandledwvithoutbroadcastwe still
have to handlethe caseof not having enoughDIE pointers.More-
over, thehardwaregetssigni cantly morecomplicated Onewayto
reducethe hardwarecompleity would beto supportonly thecase
whereone of the dependentnstructionsneedsthe resultthrough
the rst sourceregister andthe otherdependeninstructionneeds
it throughthe secondsourceregister This caseis easierto support
thanhaving the two DIE pointerspoint to ary instructionwithout
restrictions.Unfortunately asshavn in Figure5, only around1%
of thedynamicinstructionsactuallyhave exactly two close-byde-
pendentinstructions,eachsourcingthe resultthrougha different
sourceregister The gure corresponds$o the Normal architecture
of Figure3. Consequentlywe discardthe approactof usingmul-
tiple DIE pointersperwindow entry,
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Figure 5: Percentageof instructions that have more than oneclose-by
dependentinstruction. 1 SRC1+ 1 SRC2correspondsto instructions

with exactly two close-bydependentinstructions, one of which sourc-

ing the resultthrough SRC1, and the other through SRC2 Otherscor-

respondsto the other casesf two close-bydependentsand more than

two close-bydependents.

3.3 Handling Branch Mispredictions

The proposedscheme®asilysupportbranchmisprediction.In-
deed,whena branchis predicted processorsypically checkpoint
the RAT [13] (or equivalenttables). In our case,we include the
RAT's PIE eld in the checkpoint. If the branchoutcomeis de-
clared mispredictedwe follow the typical stepsof restoringthe
RAT and squashingthe wrong-pathinstructionsin the window.
Suchsquashingloesnot confuseour schemes.To seewhy, con-
siderthe caseswvheneithera producerinstructionor a dependent
instructionaresquashed.

If aproduceiinstructionis squashedhenits dependeninstruc-
tionsin thewindow musthave alsobeensquashedTherefore the
extra elds thatwe addedto the instructionwindow do not be-
comeinconsistentHowever, if adependeninstructionis squashed,
its producerinstruction(s)may not be squashedin this case the
DIE eld in its produceiinstruction(secomes danglingpointer
pointingto anincorrectentry,

Toaddresshisissuewe couldincludetheDIE eld andtheextra
bits from theinstructionwindow (Figure4) in the checkpointand
restorethemon misprediction. While this solution eliminatesthe
danglingpointersit is too costlyin resourcesndenepy.

Our proposedsolutionis to toleratethe danglingpointers.Such
pointersdo not causeary error suchasa failureto wake up a cor
rectinstruction;they canonly inducesomeunnecessarsgtalland/or
comparisons.Speci cally, whena true dependeninstructionof a
producerwith a danglingpointeris aboutto be insertedinto the
window, it will have to stall (Indexing-Only) or mark the Broad-



casthit (Hybrid) of the producerinstruction. In eithercase when
the producercompletes,it will enablethe comparatorfor a use-
lessinstruction(in additionto the onesfor the correctinstruction
in Hybrid). Overall, it canbe shavn thattheseunnecessargtalls
and/orcomparisonsiave aminimalimpactontheperformanceand
enepgy consumed.

3.4 Applicability to Other Organizations

While we have assumed centralizednstructionwindow, other
window desighsarepossible.For example,somedesignsusemul-
tiple instructionwindows [10]. In this case pur schemesvork sim-
ilarly. The main differenceis that the DIE pointernow contains
bothawindow ID andanentryID soasto correctlyindex the de-
pendentinstruction. The resultingcircuitry doesnot have a high
line capacitancdecausehe signalsto the non-selectedvindows
aregated.However, the overall circuitry is a bit morecomplicated.

Otherdesignsusea compactingnstructionwindow [4]. In this
case,window entriesmove. Sinceour schemesuse pointersfor
directindexing, they do notwork for thesewindows without addi-
tional support.

4. EVALUATION ENVIRONMENT

We evaluateour proposalon a simulatedgenericout-of-order
processowith a centralizednstructionwindow structure.Table1
shavs someparameter®f the simulatedsystem. Our execution
driven simulatorsystemmodelsthe contentionand occupang of
all theresource$8].

[ Processor I

Frequeng: 1 GHz Branchunits: 1
Issuewidth: 6 Branchpenalty:8 cycles

Dynamicissue:yes RAS entries:32
I-window size:96 BTB entries:2048
Load/storeunits: 2 BTB assoc#4

Int,FPunits: 5,4
Pendingoads,stores16,16

Branchpredictor:GAp(10,8)

[[ Caches | Bus& Memory [
L1 size:32KB FSBfreq: 333MHz
L1 OC,RT: 1,3ns FSBwidth: 128bits
L1 assoc2wayLRU Mem: 2-channeRamtus
L1 line: 32B DRAM bandwidth:3.2GB/s

L2 size:512KB

L2 OC,RT: 4,12ns

L2 assoc8 way PLRU

L2 line: 64B

I-cache:32KB 2way 32B line

MemRT: 108ns

Table 1: Systemcon guration. OC, RT, PLRU, FSB, and RAS stand
for occupancy contention-freeround trip from the processorpseudo
LRU, front sidebus, and return addressstack respectvely.

To shaw the impact of our proposalon differenttypesof ap-
plications,we run sevenapplicationdrom the multimedia,integer,
and oating-point domains.Theapplicationsarecompiledwith the
IRIX MIPSProcompilerversion7.3 with -O2 optimization. The
applicationsare simulatedfrom the beginning to the end,andlast
from hundredf millions of cyclesto overonebillion cycles.

Table2 shavstheapplicationsised.For the SPECintandSPECfp
applicationswe useareducednput datasetWe verify thatthere-
duceddatasetproducessimilar cacheand TLB missratesasthe
native executionwith the referencedataon a MIPS R12000-based
workstation. For the multimediaapplicationswe usean mp3 de-
coder(MP3D) andanmp3encode(MP3E).

[[ Domain | Application | InputDataSet |

CRAFTY Reducedef

SPECIint2000 | BZIP Reducedef
MCF Reducedef
HYDRO Reducedef

SPEC1p2000 APSI Reducedef

- MP3D (mpg123-0.59r) Hi
Multimedia  —roar ame-3.85) [ Voice

Table 2: Applications executed.

It is challengingto accuratelyestimatethe enegy consumedn
theinstructionwindow. Thereasoris that,sincethewindow is one
of the mostcritical component®f the processocore, it is heaily
tunedand hasdiverseimplementations.Therefore we do not at-
temptto reportthe absoluteor relative enegy consumptionsf the
differentdesigns.Instead,we usethe numberof tag comparisons
in the instructionwindow requiredby the differentschemesasa
qualitative relative measureof theenegy consumed.

5. EVALUATION
5.1 Indexing-Only Scheme

The main advantageof this schemes thatall instructioncom-
pletionsenableat mostone single comparatar Consequentlythe
numberof tag comparisonss approximately of thosein

the unoptimizedarchitecturewhere is the numberof en-
triesin theinstructionwindow. For our simulatedarchitecturethis
correspond$o a 99%reductionin tagcomparisons.

The disadwantageof this schemds thatit sometimesstallsthe
processoand,therefore slows down programexecution.Figure6
shaws the increasein executiontime of the applicationscaused
by the Indexing-Only scheme.We can seethat the schemeslows
down the applicationsby an averageof 8%. Someapplications
take quite a bit longerto complete. Note that, dependingon the
degreeof clock gating, thelongerexecutiontime coulddiminishor
evennegatetheenegy savings achieved by the reducechumberof
comparisons.Consequentlyindexing-Onlyis not a goodwakeup
scheme.
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Figure 6: Increasein executiontime causedby the Indexing-Only
scheme.

5.2 Hybrid Schemes

The advantageof the Hybrid schemess that they do not stall
the processorvheninstructionshave multiple close-bydependent
instructions.Consequentlthe applicationdoesnot suffer ary per
formancepenalty However, the disadwantageof theseschemess
thata completinginstructionmay inducemorethanonetag com-
parison.We will see,however, thatthe numberof comparisonss
still closeto the Indexing-Onlyschemeandmuchsmallerthanthe
full broadcastbaselinescheme.



With simplecalculationswe canestimatethe reductionin com-
parisongelative to thefull broadcasschemeNotethatin instruc-
tion streamsthereareinstructionsthat do not have a destination
register suchasstoresandbranches Evenin the baselinebroad-
castschemethey do not requiretag comparisons.Here we only
considerinstructionsthat have a destinatiorregister We consider
theHybrid-Plain schemerst. In this schemethenumberof com-
parisongequiredrelative to full broadcasschemas givenby

In the formula, is the numberof entriesin the instruction
window, is the probability of instructionshaving a single
close-bydependeninstruction,and is the probability of in-
structionshaving more than one close-bydependents.If we use
, asit correspondso our simulatedarchitecturgSec-

tion 4), ,and asshovnin Figure3
for thesamearchitecturdNormal), we obtain9.2%for thefraction
of remainingcomparisonsThis meansthat Hybrid-Plain reduces
the comparisondy 90.8%relative to thefull broadcasscheme.

For the Hybrid-Snoopschemethe fraction of remainingcom-
parisongelative to thefull broadcasschemes

In the formula, is the averagenumberof entrieswith the
Snoopbit setwhenaninstructionbroadcastshe resulttag. In our
experiments we measurehat rangesfrom 2.2 to 3.4 for
the differentapplications.Taking the averageacrossapplications,
is 2.8. Consequentlyusingthesenumberswe obtainthat

the fraction of remainingcomparisonss 0.8%. This meansthat
Hybrid-Snoopreducesthe comparisonsy 99.2%relative to the
full broadcasschemeThisis avery largereductionwhich makes
the Hybrid-Snoopschemepotentiallyvery enegy ef cient.

Figure7 shavstheactualnumberof comparisonpercompleting
instructionfor differentapplications.The gure compareghetwo
hybrid schemesHybrid-Plain andHybrid-Snoop

= :

Figure 7: Averagenumber of comparisonsper completinginstruction
for Hybrid schemesThe instruction window has96 entries.

We canseethat,for a96-entrywindow, thetwo schemegperform
very few comparisonger instruction. Hybrid-Snoophas fewer
comparisons- on averageonly 0.8 percompletinginstruction. As
aresult,this schemds potentiallyvery enegy ef cient. However,
it alsohasa morecomplex hardwaresupport.

If we remove the supportfor the Snoopbit, we getthe Hybrid-
Plain schemeThis schemds simplerin hardwarebut resultsin an
averageof 8.9 comparisongerinstruction.

Finally, for comparisorpurposeswe havealsosimulatecascheme

like theoneproposedy FolegnaniandGonzaleZ5]. Speci cally,
we eliminate the supportfor indexing and simply gate the com-
paratorsfor entriesthat are eitherinvalid or that have all source

operandseady Notethatwe do not supportthe dynamicresizing
of theinstructionwindow proposedn [5] becauset is orthogonal
to our schemesOverall, with suchsupport,we obtainan average
numberof comparisorper completinginstructionequalto 23.7.

We seethat while this schemehasa simpler hardware than our
schemesit requiresmary more comparisonsnd, therefore,it is

potentiallymoreenegy consuming.

5.3 Analysisof Stall Cycles

In the Indexing-Onlyschemejf aninstructionalreadyhasa de-
pendentinstruction,we stall the insertionof a seconddependent
instructionuntil the producercompletes For thesestalledinstruc-
tions, Figure 8 shaws the distribution of the numberof cyclesthat
they stall. In the gure, eachcurve representne application,
while the thicker line with large marksshaws the averageof all
applications.
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Figure 8: Distrib ution of the number of cyclesthat stalledinstructions
wait dueto their producer alreadyhaving onedependentinstruction.

Theaveragdine shavs thatabout45%of thesenstructionsstall
for only onecycle. Thissuggest$swo optimizations.Oneof themis
to furtherreducethenumberof comparisongn the Hybrid schemes
by alwaysstalling for onecycle the decodeandinsertionof anin-
structionthatis aboutto setthe Broadcastit. In 45%of thecases,
it will notbenecessaryo setthe Broadcasthit onecycle later. Of
coursethedravbackis thatthe applicationwill take longerto exe-
cute. Indeed,Figure9 shavs the increasdn executiontime of the
applicationsvhenwe applythis optimizationto arny of the Hybrid
schemes.On average,the applicationstake 2.1% longerto run.
Overall, giventhatthe numberof broadcasti the original Hybrid
schemess alreadyverylow (Figure3) andthatary slovdown usu-
ally involvesadditionalenegy consumptionthis stalling policy is
unattracte.
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Figure 9: Increasein executiontime of the Hybrid schemesvhen the
instructions that would setthe Broadcastbit are forcedto stall for one
cycle.

This numberis slightly differentthanthe oneobtainedby Foleg-
nani and Gonzalezbecauseve are simulatinga different system
architecture.



A secondptimizationthatcanbene ttheschemegustdescribed
andthelndexing-Onlyschemas to usethecompilerto schedulghe
codeto reducehesestalls. Schedulinghestallinginstructionsonly
onecycle lateris likely to make a majordifference Exploiting this
optimizationis beyondthe scopeof this paper

6. RELATED WORK

Thework mostrelatedto oursis [5], wherecomparison$o empty
andfully readyentriesin the instructionwindow are gatedout to
reducepower consumptionin theirsimulatedarchitecturethis op-
timization reduceghe averagenumberof comparisonperformed
by eachcompletinginstructionin a 128-entryinstructionwindow
to 14.2. In our work, we exploit a differentfact: on average over
91%of thedynamicinstructionseedto wake up nomorethanone
singleinstructioncurrentlyin the window. This leadsus to pro-
poseaschemeahatcombinedlirectindexing (mostof thetime)and
broadcastingoccasionally) For a 96-entrywindow, the numberof
comparisongerformedby the averagecompletinginstructionis
only 0.8.

Usingindexing to replaceassociatie searchatinstructionwakeup
hasbeenexaminedin two papers.In [12], analgorithmsimilar to
our Indexing-OnlyschemecalledDirect Tag Search(DTS) is pro-
posed.Thegoalis to reducenardwarecompleity. In [7], two-level
RAM bitmap arraysare proposedwhich supportindexing-based
wakeupfor all instructions,regardlessof their numberof depen-
dentinstructions.The goalis to have a scalabledesign. However,
thedesignis complex andis likely to beenegy-inefcient. Overall,
in our paper we combinefrequentindexing andoccasionabroad-
castto obtainfastandenepgy-efcient schemegour Hybrid algo-
rithms). We alsoshav experimentaldatathat justify why single-
indexing works mostof thetime.

Someotherworkstry to useadirectaddressingableto maintain
the dependencehainand,asa result,reducethe requiredinstruc-
tion window size.Amongthose DynamicDataForwarding(DDF)
usesthe Wait Memoryto complementhe Match Unit, an equia-
lent of the instructionwindow [9]. DDF bringsonly someof the
instructionsfrom the Wait Memoryto the Match Unit for associa-
tive check.In [3], two differentschemesrestudiedthatusesome
auxiliary structureto reducethe sizeof a fully-associatve instruc-
tion window. Oneof the schemesisesa tablethat keepsthe rst
consumeiinstructionsof registerresults. Whentheseinstructions
arereadyto execute,they move to the readyqueue bypassinghe
instructionwindow. Lik e our proposal suchaschemealsoexploits
the fact that mostinstructionshave no more thanone dependent.
However, it useghis factto reducethe sizeof thewindow.

Select-freeschedulindogic selectdor executionall theinstruc-
tions being woken up [2]. Extra circuitry handlesthe situation
whenmorethanoneinstructionwakesup andthusa collision oc-
curs. This work leverageghe factthatthereis often only onein-
structionwakingupinsideeachwakeuparray Suchafactis consis-
tentwith our obsenationthatmostinstructionshave no morethan
oneclose-bydependentHowever, their work focuseson modify-
ing the selectionlogic, while we changehewakeuplogic.

Therearemary otherrelatedworks that proposeclusteredwin-
dows orimprovementdo theselectiorlogic [6, 10,14]. In general,
theseworksareorthogonato ours.

Finally, in otherworks, theissuelogic is dynamicallyadjusted
to reducethe numberof idle window entriesor issueslots and,
therefore,save enegy [1, 5, 11]. Theseoptimizationsarelargely
orthogonato ourschemesndcanstill beappliedto furtherreduce
enegy consumption.

7. CONCLUSIONS

This paperpresenteda simple hardware extensionto improve
the enepgy efciency of the wakeuplogic in a superscalaproces-
sor. Theideais basedon the obsenationthata very large fraction
of the completinginstructionshave no more than one dependent
instructioncurrentlyin the window. For example,this fractionis
on average91.3%for a 96-entrywindow. Consequentlywe pro-
posedto save enegy by usingindexing to only enablethe com-
paratorat the single dependeninstruction. Whenmorethanone
instructionneedsto wake up, our supportautomaticallyrevertsto
enablingall the comparatorgHybrid-Plain schemepr a subsebf
them (Hybrid-Snoopscheme). Overall, the two schemeghat we
proposeare shavn to be very effective: for a systemwith a 96-
entry window, the numberof comparisonperformedby the aver-
agecompletinginstructionunderHybrid-Plain is 8.9, while under
theslightly morecomplicatedHybrid-Snoopit is only 0.8. Theex-
actmagnitudeof theenegy savingswill dependonthespeci cin-
structionwindow implementation.Furthermorejn both schemes,
theapplicationsuffersno performanceenalty
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