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ABSTRACT
The instructionwindow is a critical componentand a major en-
ergy consumerin out-of-ordersuperscalarprocessors.An impor-
tantsourceof energy consumptionin theinstructionwindow is the
instructionwakeup: a completinginstructionbroadcastsits result
registertagandanassociativecomparisonis performedwith all the
entriesin thewindow.

This papershows that a very large fraction of the completing
instructionshave to wake upno morethana singleinstructioncur-
rently in the window. Consequently, we proposeto save energy
by using indexing to only enablethe comparatorat the single in-
structionto wake up. Only in the rarecasewhenmore thanone
instructionneedsto wake up, our schemereverts to enablingall
the comparatorsor a subsetof them. For this reason,we call our
schemeHybrid. Overall,ourschemeis veryeffective: for aproces-
sorwith a96-entrywindow, thenumberof comparisonsperformed
by theaveragecompletinginstructionwith a destinationregisteris
reducedto 0.8. The exact magnitudeof the energy savings will
dependon the speci�c instructionwindow implementation.Fur-
thermore,theapplicationsuffersnoperformancepenalty.

Categories& SubjectDescriptors:

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

GeneralTerms: Design,Experimentation,Performance

Keywords: Low Power, WakeupLogic, IssueLogic

1. INTRODUCTION
The instructionwindow is a centralpieceof the machineryre-

quired to supportout-of-orderexecution in modernhigh perfor-
manceprocessors.Instructionsareinsertedin the instructionwin-
dow after their registershave beenrenamedto eliminateoutput
andanti dependences.Instructionswait in the window until their
operandsareready, at which point true dependencescanbesatis-
�ed andthe instructionscanbe issuedto the functionalunits for
execution.
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When an instruction�nishes its execution,its destinationreg-
ister numberis typically broadcastedto all the instructionsin the
window. The purposeis to inform all dependentinstructionsof
theavailability of theresult.Eachentrycomparesthebroadcasted
tag to its own sourceregistertags. If thereis a match,the source
operandis latchedandthe dependentinstructionmay be readyto
execute.

This tagbroadcastandassociative comparisonis calledinstruc-
tion wakeup. It requiresdriving a registertag throughlong wires
andcomparingit to all the sourceregister tagsin the instruction
window. Consequently, it canconsumesubstantialenergy.

To reducethe energy consumedby instructionwakeup,Foleg-
naniandGonzalezhaverecentlyproposedseveraloptimizations[5].
Speci�cally, window entriesthat are either empty or containin-
structionsthatalreadyhave all their sourceoperandsavailable,are
not comparedagainst the broadcastedregister number. Further-
more, the sizeof the instructionwindow is dynamicallyadjusted
to reduceemptyarea.Accordingto [5], by disablingcomparisons
to emptyandreadyentriesin a 128-entrywindow, wedecreasethe
numberof comparisonsperformedby the averagecompletingin-
structionto only 14.2.

While this is a very signi�cant reduction,our dataindicatesthat
we canfurtherreducethenumberof comparisonsper�nishing in-
struction. Indeed,we will show that the large majority of com-
pleting instructionshave only onesingledependentinstructionin
thewindow. Furthermore,thelocationof thedependentinstruction
canbeeasilyrecordedwhenthe latter is insertedinto the instruc-
tion window. Consequently, we proposeto rememberthe location
of the dependentinstruction,anduseindexing to enableonly the
comparatorin thesingledependentinstruction.This is muchmore
energy ef�cient. In the rarecasewhenmorethanoneinstruction
needsto wake up, we revert to enablingall the comparatorsor a
subsetof them. This scheme,which we call Hybrid, is very ef-
fective: for a processorwith a 96-entrywindow, the numberof
comparisonsperformedby the averagecompletinginstructionis
reducedto 0.8.

Therestof thepaperis organizedasfollows: Section2 discusses
the rationalefor our optimization,Section3 shows the microar-
chitecturaldesign,Section4 presentsthe evaluationenvironment,
Section5 evaluatesthe design,Section6 discussesrelatedwork
and,�nally , Section7 concludes.

2. RATION ALE
Figure1 shows the typical operationof the instructionwindow.

An instructionwindow hasmany entries,eachonecorresponding
to oneinstruction. The informationrecordedin an entry includes
theopcodeandthephysicalregisternumbers(alsocalledtags)for
the sourceoperand(s)andthe destination.Thereis onereadybit
for eachsourceoperand.Onceall thereadybits for theinstruction
areset,the instructionis readyto beexecuted.Thearbiterselects
readyinstructionsand sendsthem to the properfunctional units



for execution. Right beforean instruction�nishes execution,the
destinationregisternumberis broadcastedbackto the instruction
window to wakeupthewaitinginstructions.Thisbroadcastandthe
resultingmany comparisonstypically consumesubstantialenergy.
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Figure 1: Typical operation of the instruction window.

Comparisonsareneededbecausemany instructionsmaydepend
ontheresultof asingleinstruction.However, if welook atordinary
code,not many instructionshave multiple dependentinstructions.
For example,asshown in Figure2, we �nd that in a normaldy-
namicinstructionstream(of theapplicationsdetailedin Section4),
around70%of theinstructionswith a destinationregister1 have at
mostonedependentinstruction.Furthermore,if we only consider
dependentinstructionsthat are in the windowwhenthe producer
completes,thefractionof instructionswith at mostonedependent
is signi�cantly higher. This is becausean instructionmay have a
dependentso far down the instructionstreamthat,by the time the
instruction�nishes, thedependentis notyet in theinstructionwin-
dow and,therefore,doesnot needto bewokenup by theproducer.
We call thedependentinstructionsthatarein thewindow close-by
dependents.

���

�����

�	�	


�	�	


�	�	�

�������

������� ���! "$#&%('�)�*�+-,(.�/�0(1 24365 798�:�; <>=�?�@ A(B�C

DFE	G H	I4JLK�M&NLO P

Q�R�S

T9U�V

W�X�Y Z

Figure2: Breakdown of dynamic instructions basedon the number of
dependentinstructions that they have.

Thefractionof instructionsthathave oneor no close-bydepen-
dentdependson thecompilerandtheactualprocessor. As anex-
ample,Figure3 shows thefractionof instructionsthathave oneor
noclose-bydependentin a96-entrywindow. Weconsidertwo pro-
cessorarchitectures,namelyNormal andSlowMemory. Normal
modelsa typicalworkstationwith ahigh-endprocessor, asdetailed
in Section4. SlowMemorysimply doublesthe latency andoccu-
pancy for eachlevelof thememoryhierarchy to factorin thewiden-
ing speedgapbetweenmemoryandprocessor. As canbeseen,in
Normal, on average91.3%of the completinginstructionshave at
mostoneclose-bydependentinstruction.Moreover, wideningthe
gapbetweentheprocessorandmemoryspeeddoesnot changethe
resultmuch.
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Branchesandstoresdonothavea destinationregister.
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Figure 3: Percentageof completing instructions with no more than
oneclose-bydependentinstruction in a 96-entry window.

Thismeasurementsuggeststhataplainbroadcast-basedwakeup
mechanismcanbeimprovedupon. If eachentry in theinstruction
window hada singlepointerpointing to a close-bydependentin-
struction,in mostof thecases,usingthatpointerwould suf�ce to
wakeupall thenecessaryinstructions.

3. ENERGY­EFFICIENT WAKEUP LOGIC
To reducetheenergy consumedby instructionwakeup,we pro-

poseto useindexing. Furthermore,giventhemeasurementsof Sec-
tion 2, we optimize the micro-architecturefor single-instruction
wakeup. The resultingsystemis very energy-ef�cient becauseit
eliminatestheneedto activatecomparatorsin everyentryof thein-
structionwindow. Instead,only onecomparatoris activatedin the
commoncase.

In thefollowing,wepresentthemicro-architectureandthencon-
siderinstructionsthat have to wake up morethanoneinstruction.
We alsoexamineotherissues.

3.1 ProposedMicr o­Architecture
Ourschemeaddsone�eld to theRegisterAlias Table(RAT), and

one�eld andonebit to the instructionwindow. Theseextensions
areshown in solidshadedpatternin Figure4.
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Figure 4: Proposedmicro-architectural extensions.

Typically, whenan instructionis aboutto be insertedin the in-
structionwindow, a checkis madeto determinewhetheror not its
sourceregistersareavailable.This canbedoneby checkingsome
statein theregister�le or RAT. For illustrationpurposes,Figure4
usesa readybit perregisterin theregister�le. If any of thesource
registersis not ready, the instructionwaits in thewindow until all
its remainingsourceoperandsareproduced,at which point thein-
structionis readyto execute.



In our optimizedmicro-architecture,whenan instructionis in-
sertedin the instructionwindow andany of its sourceregistersis
not readyyet, we take a specialaction. For eachsourceregister
not ready, we identify the entry of the producerinstructionin the
window. Then, in that entry, we storea pointer to the consumer
instruction. The pointer is simply the index of the consumerin-
structionin thewindow. Thepointeris storedin a new Dependent
Instruction-windowEntry (DIE) �eld (Figure4). In addition,the
Emptybit of theproducerinstructionis reset.

Notethatwe caneasilyidentify theproducerinstructionfor any
sourceregisterthat is not ready. This is because,asshown in Fig-
ure4,weaddanew �eld in theRAT calledtheProducerInstruction-
windowEntry (PIE). ThePIEpointsto theentryin thewindow for
the instructionthat will producethe correspondingregister. The
PIEis setwhentheproducerinstructionis insertedinto theinstruc-
tion window.

With this support,instructionsproceedasfollows. Whenan in-
structionis decodedandinsertedinto theinstructionwindow, if any
of its sourceregistersis not ready, we follow thePIE pointer(s)to
�nd the producerinstruction(s). Then, the DIE pointersof such
instructionsaresetto point to theentryin thewindow correspond-
ing to theconsumerinstruction.Later, whenaproducerinstruction
completes,it passesits DIE pointerthrougha decoderto only en-
able the comparatorin the consumerinstructionand wake it up.
Sucha selectivewakeupsavesenergy.

3.2 Waking Up Mor e Than One Instruction
A schemewith a singleDIE pointerper instructionwindow en-

try canonly supportinstructionsthat have at mostonedependent
instructionin thewindow. To handlethe muchlesslikely caseof
instructionswith morethanoneclose-bydependentinstruction,we
proposetwo possibleapproaches.

The �rst solution we proposeinvolves stalling. We call this
schemeIndexing-Only. In this scheme,when an instructionthat
is aboutto be insertedinto instructionwindow �nds that at least
oneof its producershastheEmptybit reset,it is not inserted,and
instructiondecodingis stoppeduntil the producerexecutes.This
mechanismis similar to the casewhenthe systemrunsout of re-
namedregisters.

Thesecondsolutionweproposeinvolvesrevertingbacktobroad-
casting.We call this approachHybrid. For this approach,we need
theadditionalhardwareshown in thestripedareain Figure4: the
Broadcastbit and(optionally)theSnoopbit in theinstructionwin-
dow. In this case,when an instructionis being insertedinto in-
structionwindow, the Emptybit of its producerinstruction(s)is
checked. If the Emptybit is resetfor oneproducer, the hardware
setsthe Broadcastbit of that producer. The sameis donefor the
otherproducer, if any. This bit will force theproducerinstruction
to broadcastits resulttagto all theinstructionsin thewindow upon
completion.We call thisschemeHybrid-Plain.

We canimproveon theHybrid-Plainschemewith theuseof the
Snoopbit. This bit cangateunnecessarycomparisons.With this
bit, whenaresulttagis broadcastedto all instructions,only theen-
tries with the Snoopbit setwill actuallyperformthe comparison.
Consequently, when we set the Broadcastbit for a producerin-
struction,wealsosettheSnoopbit for two instructions:thenewly-
insertedconsumerinstructionand the onepointedto by the DIE
pointerof theproducer. If theBroadcastbit wasalreadyset,then
we only needto settheSnoopbit for thenewly-insertedconsumer.
With this support,whena producerinstructionbroadcastsa result
tag,only a very smallnumberof theentries(thosewith theSnoop
bit set)will actuallyperformthecomparison.We call this scheme
Hybrid-Snoop.

A third alternativecouldbeto addasecondDIE pointerperwin-
dow entry. However, suchasolutionis notveryattractive: although
weincreasethenumberof caseshandledwithoutbroadcast,westill
have to handlethecaseof not having enoughDIE pointers.More-
over, thehardwaregetssigni�cantly morecomplicated.Onewayto
reducethehardwarecomplexity would beto supportonly thecase
whereoneof the dependentinstructionsneedsthe result through
the �rst sourceregister, andtheotherdependentinstructionneeds
it throughthesecondsourceregister. This caseis easierto support
thanhaving the two DIE pointerspoint to any instructionwithout
restrictions.Unfortunately, asshown in Figure5, only around1%
of thedynamicinstructionsactuallyhave exactly two close-byde-
pendentinstructions,eachsourcingthe result througha different
sourceregister. The�gure correspondsto theNormalarchitecture
of Figure3. Consequently, we discardtheapproachof usingmul-
tiple DIE pointersperwindow entry.
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Figure5: Percentageof instructions that havemore than oneclose-by
dependentinstruction. 1 SRC1+ 1 SRC2correspondsto instructions
with exactly two close-bydependentinstructions, one of which sourc-
ing the result thr ough SRC1, and the other thr ough SRC2. Otherscor-
respondsto the other casesof two close-bydependentsand more than
two close-bydependents.

3.3 Handling Branch Mispr edictions
Theproposedschemeseasilysupportbranchmisprediction.In-

deed,whena branchis predicted,processorstypically checkpoint
the RAT [13] (or equivalent tables). In our case,we include the
RAT's PIE �eld in the checkpoint. If the branchoutcomeis de-
claredmispredicted,we follow the typical stepsof restoringthe
RAT and squashingthe wrong-pathinstructionsin the window.
Suchsquashingdoesnot confuseour schemes.To seewhy, con-
sider the caseswheneithera producerinstructionor a dependent
instructionaresquashed.

If a producerinstructionis squashed,thenits dependentinstruc-
tions in thewindow musthave alsobeensquashed.Therefore,the
extra �elds that we addedto the instructionwindow do not be-
comeinconsistent.However, if adependentinstructionissquashed,
its producerinstruction(s)may not be squashed.In this case,the
DIE �eld in its producerinstruction(s)becomesa danglingpointer
pointingto anincorrectentry.

Toaddressthisissue,wecouldincludetheDIE �eld andtheextra
bits from theinstructionwindow (Figure4) in thecheckpoint,and
restorethemon misprediction.While this solutioneliminatesthe
danglingpointers,it is too costlyin resourcesandenergy.

Our proposedsolutionis to toleratethedanglingpointers.Such
pointersdo not causeany errorsuchasa failureto wake up a cor-
rectinstruction;they canonly inducesomeunnecessarystalland/or
comparisons.Speci�cally, whena truedependentinstructionof a
producerwith a danglingpointer is aboutto be insertedinto the
window, it will have to stall (Indexing-Only) or mark the Broad-



castbit (Hybrid) of theproducerinstruction. In eithercase,when
the producercompletes,it will enablethe comparatorfor a use-
lessinstruction(in additionto the onesfor the correctinstruction
in Hybrid). Overall, it canbe shown that theseunnecessarystalls
and/orcomparisonshaveaminimal impactontheperformanceand
energy consumed.

3.4 Applicability to Other Organizations
While we have assumeda centralizedinstructionwindow, other

window designsarepossible.For example,somedesignsusemul-
tiple instructionwindows[10]. In thiscase,ourschemeswork sim-
ilarly. The main differenceis that the DIE pointernow contains
botha window ID andanentry ID soasto correctlyindex thede-
pendentinstruction. The resultingcircuitry doesnot have a high
line capacitancebecausethe signalsto the non-selectedwindows
aregated.However, theoverall circuitry is abit morecomplicated.

Otherdesignsusea compactinginstructionwindow [4]. In this
case,window entriesmove. Sinceour schemesusepointersfor
direct indexing, they do not work for thesewindows without addi-
tionalsupport.

4. EVALUATION ENVIRONMENT
We evaluateour proposalon a simulatedgenericout-of-order

processorwith a centralizedinstructionwindow structure.Table1
shows someparametersof the simulatedsystem. Our execution
driven simulatorsystemmodelsthe contentionandoccupancy of
all theresources[8].

Processor
Frequency: 1 GHz Branchunits: 1
Issuewidth: 6 Branchpenalty:8 cycles
Dynamicissue:yes RASentries:32
I-window size:96 BTB entries:2048
Load/storeunits: 2 BTB assoc:4
Int,FPunits: 5,4 Branchpredictor:GAp(10,8)
Pendingloads,stores:16,16
Caches Bus& Memory
L1 size:32KB FSBfreq: 333MHz
L1 OC,RT: 1,3ns FSBwidth: 128bits
L1 assoc:2 wayLRU Mem: 2-channelRambus
L1 line: 32B DRAM bandwidth:3.2GB/s
L2 size:512KB MemRT: 108ns
L2 OC,RT: 4,12ns
L2 assoc:8 wayPLRU
L2 line: 64B
I-cache:32KB 2way32B line

Table 1: Systemcon�guration. OC, RT, PLRU, FSB, and RAS stand
for occupancy, contention-freeround trip fr om the processor, pseudo
LRU, fr ont sidebus,and return addressstack respectively.

To show the impact of our proposalon different typesof ap-
plications,we runsevenapplicationsfrom themultimedia,integer,
and�oating-point domains.Theapplicationsarecompiledwith the
IRIX MIPSProcompilerversion7.3 with -O2 optimization. The
applicationsaresimulatedfrom thebeginning to theend,andlast
from hundredsof millions of cyclesto overonebillion cycles.

Table2showstheapplicationsused.For theSPECintandSPECfp
applications,we usea reducedinputdataset.We verify thatthere-
duceddatasetproducessimilar cacheandTLB missratesasthe
native executionwith thereferencedataon a MIPS R12000-based
workstation.For the multimediaapplications,we useanmp3 de-
coder(MP3D)andanmp3encoder(MP3E).

Domain Application InputDataSet

SPECint2000
CRAFTY Reducedref
BZIP Reducedref
MCF Reducedref

SPECfp2000 HYDRO Reducedref
APSI Reducedref

Multimedia MP3D(mpg123-0.59r) Hi�
MP3E(lame-3.85) Voice

Table2: Applications executed.

It is challengingto accuratelyestimatetheenergy consumedin
theinstructionwindow. Thereasonis that,sincethewindow is one
of themostcritical componentsof theprocessorcore,it is heavily
tunedandhasdiverseimplementations.Therefore,we do not at-
temptto reporttheabsoluteor relativeenergy consumptionsof the
differentdesigns.Instead,we usethe numberof tag comparisons
in the instructionwindow requiredby the differentschemesasa
qualitative, relativemeasureof theenergy consumed.

5. EVALUATION

5.1 Indexing­Only Scheme
The main advantageof this schemeis that all instructioncom-

pletionsenableat mostonesinglecomparator. Consequently, the
numberof tag comparisonsis approximately

[
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	 of thosein
the unoptimizedarchitecture,where

�
���������

is the numberof en-
triesin theinstructionwindow. For oursimulatedarchitecture,this
correspondsto a 99%reductionin tagcomparisons.

The disadvantageof this schemeis that it sometimesstalls the
processorand,therefore,slows down programexecution.Figure6
shows the increasein execution time of the applicationscaused
by the Indexing-Onlyscheme.We canseethat the schemeslows
down the applicationsby an averageof 8%. Someapplications
take quite a bit longer to complete. Note that, dependingon the
degreeof clockgating,thelongerexecutiontimecoulddiminishor
evennegatetheenergy savingsachievedby thereducednumberof
comparisons.Consequently, Indexing-Onlyis not a goodwakeup
scheme.
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Figure 6: Incr easein execution time causedby the Indexing-Only
scheme.

5.2 Hybrid Schemes
The advantageof the Hybrid schemesis that they do not stall

theprocessorwheninstructionshave multiple close-bydependent
instructions.Consequently, theapplicationdoesnotsuffer any per-
formancepenalty. However, thedisadvantageof theseschemesis
thata completinginstructionmay inducemorethanonetagcom-
parison.We will see,however, that thenumberof comparisonsis
still closeto theIndexing-Onlyscheme,andmuchsmallerthanthe
full broadcast,baselinescheme.



With simplecalculations,we canestimatethereductionin com-
parisonsrelative to thefull broadcastscheme.Notethatin instruc-
tion streams,thereare instructionsthat do not have a destination
register, suchasstoresandbranches.Even in the baselinebroad-
castscheme,they do not requiretag comparisons.Herewe only
considerinstructionsthathave a destinationregister. We consider
theHybrid-Plainscheme�rst. In this scheme,thenumberof com-
parisonsrequiredrelative to full broadcastschemeis givenby
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In the formula,
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is the numberof entriesin the instruction
window, � ���
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is the probability of instructionshaving a single
close-bydependentinstruction,and �����

� �

is theprobabilityof in-
structionshaving more than oneclose-bydependents.If we use
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, asit correspondsto oursimulatedarchitecture(Sec-
tion 4), �����
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asshown in Figure3
for thesamearchitecture(Normal), weobtain9.2%for thefraction
of remainingcomparisons.This meansthatHybrid-Plain reduces
thecomparisonsby 90.8%relative to thefull broadcastscheme.

For the Hybrid-Snoopscheme,the fraction of remainingcom-
parisonsrelative to thefull broadcastschemeis
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In the formula,
�

�

�

�(�#% is the averagenumberof entrieswith the
Snoopbit setwhenan instructionbroadcaststheresulttag. In our
experiments,we measurethat

�

�

�

�$�#% rangesfrom 2.2 to 3.4 for
thedifferentapplications.Taking theaverageacrossapplications,

�

�

�

�$�&% is 2.8. Consequently, usingthesenumbers,we obtainthat
the fraction of remainingcomparisonsis 0.8%. This meansthat
Hybrid-Snoopreducesthe comparisonsby 99.2%relative to the
full broadcastscheme.This is avery largereduction,whichmakes
theHybrid-Snoopschemepotentiallyveryenergy ef�cient.

Figure7 showstheactualnumberof comparisonspercompleting
instructionfor differentapplications.The�gure comparesthetwo
hybrid schemes:Hybrid-PlainandHybrid-Snoop.
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Figure7: Averagenumber of comparisonsper completing instruction
for Hybrid schemes.The instruction window has96entries.

Wecanseethat,for a96-entrywindow, thetwo schemesperform
very few comparisonsper instruction. Hybrid-Snoophas fewer
comparisons– on averageonly 0.8percompletinginstruction.As
a result,this schemeis potentiallyvery energy ef�cient. However,
it alsohasamorecomplex hardwaresupport.

If we remove thesupportfor theSnoopbit, we get the Hybrid-
Plain scheme.Thisschemeis simplerin hardwarebut resultsin an
averageof 8.9comparisonsperinstruction.

Finally, for comparisonpurposes,wehavealsosimulatedascheme
like theoneproposedby FolegnaniandGonzalez[5]. Speci�cally,
we eliminatethe supportfor indexing and simply gate the com-
paratorsfor entriesthat are either invalid or that have all source

operandsready. Notethatwe do not supportthedynamicresizing
of theinstructionwindow proposedin [5] becauseit is orthogonal
to our schemes.Overall, with suchsupport,we obtainanaverage
numberof comparisonper completinginstructionequalto 23.72.
We seethat while this schemehasa simpler hardware than our
schemes,it requiresmany morecomparisonsand, therefore,it is
potentiallymoreenergy consuming.

5.3 Analysisof Stall Cycles
In theIndexing-Onlyscheme,if aninstructionalreadyhasa de-

pendentinstruction,we stall the insertionof a seconddependent
instructionuntil theproducercompletes.For thesestalledinstruc-
tions,Figure8 shows thedistribution of thenumberof cyclesthat
they stall. In the �gure, eachcurve representsone application,
while the thicker line with large marksshows the averageof all
applications.
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Figure8: Distrib ution of the number of cyclesthat stalledinstructions
wait due to their produceralreadyhaving onedependentinstruction.

Theaverageline showsthatabout45%of theseinstructionsstall
for only onecycle. Thissuggeststwo optimizations.Oneof themis
to furtherreducethenumberof comparisonsin theHybrid schemes
by alwaysstallingfor onecycle thedecodeandinsertionof an in-
structionthatis aboutto settheBroadcastbit. In 45%of thecases,
it will not benecessaryto settheBroadcastbit onecycle later. Of
course,thedrawbackis thattheapplicationwill take longerto exe-
cute. Indeed,Figure9 shows the increasein executiontime of the
applicationswhenwe applythis optimizationto any of theHybrid
schemes.On average,the applicationstake 2.1% longer to run.
Overall,giventhatthenumberof broadcastsin theoriginalHybrid
schemesis alreadyvery low (Figure3) andthatany slowdown usu-
ally involvesadditionalenergy consumption,this stallingpolicy is
unattractive.
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Figure 9: Incr easein executiontime of the Hybrid schemeswhen the
instructions that would set the Broadcastbit are forcedto stall for one
cycle.

Ñ

This numberis slightly differentthantheoneobtainedby Foleg-
nani and Gonzalezbecausewe are simulatinga different system
architecture.



A secondoptimizationthatcanbene�t theschemesjustdescribed
andtheIndexing-Onlyschemeis to usethecompilerto schedulethe
codeto reducethesestalls.Schedulingthestallinginstructionsonly
onecycle lateris likely to makeamajordifference.Exploiting this
optimizationis beyondthescopeof thispaper.

6. RELATED WORK
Theworkmostrelatedtooursis [5], wherecomparisonstoempty

andfully readyentriesin the instructionwindow aregatedout to
reducepowerconsumption.In theirsimulatedarchitecture,thisop-
timization reducesthe averagenumberof comparisonsperformed
by eachcompletinginstructionin a 128-entryinstructionwindow
to 14.2. In our work, we exploit a differentfact: on average,over
91%of thedynamicinstructionsneedto wakeupnomorethanone
single instructioncurrently in the window. This leadsus to pro-
poseaschemethatcombinesdirectindexing (mostof thetime)and
broadcasting(occasionally).For a96-entrywindow, thenumberof
comparisonsperformedby the averagecompletinginstructionis
only 0.8.

Usingindexing to replaceassociativesearchatinstructionwakeup
hasbeenexaminedin two papers.In [12], analgorithmsimilar to
our Indexing-OnlyschemecalledDirect TagSearch(DTS) is pro-
posed.Thegoalis to reducehardwarecomplexity. In [7], two-level
RAM bitmaparraysareproposed,which supportindexing-based
wakeupfor all instructions,regardlessof their numberof depen-
dentinstructions.Thegoal is to have a scalabledesign.However,
thedesignis complex andis likely to beenergy-inef�cient. Overall,
in our paper, we combinefrequentindexing andoccasionalbroad-
castto obtainfastandenergy-ef�cient schemes(our Hybrid algo-
rithms). We alsoshow experimentaldatathat justify why single-
indexing worksmostof thetime.

Someotherworkstry to useadirectaddressingtableto maintain
thedependencechainand,asa result,reducetherequiredinstruc-
tion window size.Amongthose,DynamicDataForwarding(DDF)
usesthe Wait Memoryto complementthe Match Unit, an equiva-
lent of the instructionwindow [9]. DDF bringsonly someof the
instructionsfrom theWait Memoryto theMatch Unit for associa-
tive check.In [3], two differentschemesarestudiedthatusesome
auxiliary structureto reducethesizeof a fully-associative instruc-
tion window. Oneof the schemesusesa tablethat keepsthe �rst
consumerinstructionsof registerresults.Whentheseinstructions
arereadyto execute,they move to thereadyqueue,bypassingthe
instructionwindow. Likeourproposal,suchaschemealsoexploits
the fact that most instructionshave no morethanonedependent.
However, it usesthis factto reducethesizeof thewindow.

Select-freeschedulinglogic selectsfor executionall theinstruc-
tions being woken up [2]. Extra circuitry handlesthe situation
whenmorethanoneinstructionwakesup andthusa collision oc-
curs. This work leveragesthe fact that thereis often only onein-
structionwakingupinsideeachwakeuparray. Suchafactis consis-
tentwith our observationthatmostinstructionshave no morethan
oneclose-bydependent.However, their work focuseson modify-
ing theselectionlogic, while wechangethewakeuplogic.

Therearemany otherrelatedworks thatproposeclusteredwin-
dowsor improvementsto theselectionlogic [6, 10,14]. In general,
theseworksareorthogonalto ours.

Finally, in otherworks, the issuelogic is dynamicallyadjusted
to reducethe numberof idle window entriesor issueslots and,
therefore,save energy [1, 5, 11]. Theseoptimizationsarelargely
orthogonalto ourschemesandcanstill beappliedto furtherreduce
energy consumption.

7. CONCLUSIONS
This paperpresenteda simple hardware extensionto improve

theenergy ef�ciency of thewakeuplogic in a superscalarproces-
sor. Theideais basedon theobservationthata very largefraction
of the completinginstructionshave no more thanonedependent
instructioncurrently in the window. For example,this fraction is
on average91.3%for a 96-entrywindow. Consequently, we pro-
posedto save energy by using indexing to only enablethe com-
paratorat the singledependentinstruction. Whenmorethanone
instructionneedsto wake up, our supportautomaticallyrevertsto
enablingall thecomparators(Hybrid-Plain scheme)or a subsetof
them(Hybrid-Snoopscheme).Overall, the two schemesthat we
proposeare shown to be very effective: for a systemwith a 96-
entrywindow, thenumberof comparisonsperformedby theaver-
agecompletinginstructionunderHybrid-Plain is 8.9,while under
theslightly morecomplicatedHybrid-Snoop, it is only 0.8.Theex-
actmagnitudeof theenergy savingswill dependon thespeci�c in-
structionwindow implementation.Furthermore,in bothschemes,
theapplicationsuffersnoperformancepenalty.

8. REFERENCES
[1] R. Bahar and S. Manne. Power and Energy ReductionVia

PipelineBalancing.In InternationalSymposiumon Computer
Architecture, pages218–229,May 2001.

[2] M. Brown, J. Stark, and Y. Patt. Select-FreeInstruction
SchedulingLogic. In InternationalSymposiumonMicroarchi-
tecture, pages204–213,Dec.2001.

[3] R. CanalandA. Gonzalez.A Low-Complexity IssueLogic. In
InternationalConferenceon Supercomputing, pages327–335,
June2000.

[4] J. Farrell andT. Fischer. IssueLogic for a 600-MHz Out-of-
OrderExecutionMicroprocessor.IEEE Journal of Solid-State
Circuits, 33(5):707–712,May 1996.

[5] D. FolegnaniandA. Gonzalez.Energy-Effective IssueLogic.
In InternationalSymposiumon ComputerArchitecture, pages
230–239,May 2001.

[6] K. Ghose.ReducingEnergy Requirementsfor InstructionIssue
andDispatchin SuperscalarMicroprocessors.In International
SymposiumonLowPowerElectronicsandDesign, pages231–
233,Aug. 2000.

[7] M. Goshima,K. Nishino,Y. Nakashima,S.Mori, T. Kitamura,
andS.Tomita.A High-SpeedDynamicInstructionScheduling
Schemefor SuperscalarProcessors.In International Sympo-
siumonMicroarchitecture, pages225–236,Dec.2001.

[8] V. KrishnanandJ. Torrellas.A Direct ExecutionFramework
for FastandAccurateSimulationof SuperscalarProcessors.In
InternationalConferenceon Parallel Architecturesand Com-
pilation Techniques, pages286–293,Oct.1998.

[9] S. OnderandR. Gupta.SuperscalarExecutionWith Dynamic
DataForwarding.In InternationalConferenceon Parallel Ar-
chitecturesandCompilationTechniques, pages130–135,Oct.
1998.

[10] S. Palacharla,N. Jouppi,andJ. Smith. Complexity Effective
SuperscalarProcessors.In InternationalSymposiumon Com-
puterArchitecture, pages206–218,June1997.

[11] D. Ponomarev, G. Kucuk,andK. Ghose.ReducingPower Re-
quirementsof InstructionSchedulingThroughDynamicAllo-
cationof Multiple DatapathResources.In InternationalSym-
posiumonMicroarchitecture, pages90–101,Dec.2001.

[12] S. Weiss and J. Smith. Instruction IssueLogic in Pipelined
Supercomputers. IEEE Transactions on Computers,
33(11):1013–1022,Nov. 1984.

[13] K. Yeager. The MIPS R10000SuperscalarMicroprocessor.
IEEEMicro, 16(2):28–41,Apr. 1996.

[14] V. ZyubanandP. Kogge.Optimizationof High-Performance
SuperscalarArchitecturesfor Energy Ef�ciency. In Interna-
tional Symposiumon Low Power Electronics and Design,
pages84–89,Aug. 2000.


