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Abstract
Ourprogrambenchmarksandsimulationsof novel circuitsin-
dicatethat large-window processorsare feasible. Using our
redesignedsuperscalarcomponents,alarge-window processor
implementedin today’s technologycanachieve anincreaseof
10–60%(geometricmeanof 31%)in programspeedcompared
to today’s processors.Theprocessoroperatesat clock speeds
comparableto today’s processors,but achieves significantly
higherILP.

To measuretheimpactof a largewindow on clock speed,we
designandsimulatenew implementationsof the logic com-
ponentsthat most limit the critical pathof our large-window
processor:theschedulelogic andthewake-uplogic. We use
log-depthcyclic segmentedprefix (CSP)circuits to reimple-
mentthesecomponents.Our layoutsandsimulationsof criti-
calpathsthroughthesecircuitsindicatethatour large-window
processorcouldbeclockedat frequenciesexceeding500MHz
in today’s technology. Ourcommitlogic andrenamelogic can
alsorunat thesespeeds.

To measuretheimpactof a largewindow onILP, wecompare
two microarchitectures,thefirst hasa128-instructionwindow,
an8-widefetchunit, and20-wideissue(four integer, branch,
multiply, float, andmemoryunits),whereasthesecondhasa
32-instructionwindow, and a 4-wide fetch unit and is com-
parableto today’s processors.For each,we simulatediffer-
entwindow reuseandbypasspolicies. Our simulationsshow
that the large-window processorachievessignificantlyhigher
IPC. This performanceincreasecomesdespitethe fact that
thelarge-window processorusesawrap-aroundwindow while
thesmall-window processorusesacompressingwindow, thus
effectively increasingits numberof outstandinginstructions.
Furthermore,the large-window processorsometimespaysan
extraclockcycle for bypassing.

1. Intr oduction
It is sodifficult to designa high-speedwide-issuesuperscalar
processorthatsomeprocessormakersseemto beabandoning

thewholeidea.Theproblemappearsto bethatthelogic to de-
code,rename,analyze,andschedule� instructionsperclock
cycleslows theclockcycledown enoughto resultin anetper-
formancedecreasecomparedto a processorthat issuesfewer
instructionsper clock. Examplesof this trendincludeIBM’ s
Power4,which includestwo 4-issueprocessorson a chip in-
steadof a single wider-issueprocessor, and Intel’s Itanium
which relies on VLIW techniquesto reducethe amountof
analysisandschedulingdoneatruntime.Counteringthistrend
is Compaq’s announcementthattheAlphaEV8 will includea
window of 256instructionsanda peakissuerateof 8 instruc-
tionsperclockwith supportfor four threads.It is notyetclear
whatperformancecharacteristicsthe EV8 will have. To give
anexampleof thesortof performancewe mean,considerthe
Alpha 21264(EV6), which usestwo small windows (20 en-
tries for integer and15 for float) insteadof onebig window
(see[2] for a descriptionof the issuelogic in the EV6.) The
integer window staticallyassignseachinstructionto a group
of functionalunits beforeenqueueingit. It requiresan extra
clockcycle for datato move betweeninstructionsthathappen
to have beenplacedfar apartfrom eachother, ascomparedto
if they hadbeenplacedneareachother. Thecollective effect
is thattheEV6 is alreadypayingfor its largewindow size(al-
thoughtheoverall costis apparentlyacceptable—perhaps2%
on SPECbenchmarks.)We would expecttheEV8 to payrel-
atively moresinceits window is biggerandit hasmorefunc-
tional units. TheEV8 will gaina tremendousadvantageover
today’s technologyby usinga copper/low-dielectric-constant
SOI processin the year2003,makingit difficult to compare
to our studywhich relieson a 0.25� m aluminumtechnology
that is availabletoday. (ThePower4, Itanium,andEV8 were
all describedat the1999MicroprocessorForum.)

Thispaperoutlinesthecoreof aprocessorthatcanfetch8 in-
structionsper clock, issue20 instructionsper clock, andhas
a window of 128 instructions. This processor, designedin
the technologyof mid 1999 (0.25� m aluminum),hascriti-
cal path competitive to today’s processors(our critical path
is under2ns)andwith substantiallyhigherILP andprogram
speedcomparedto today’sprocessors.Ourprocessorrelieson
anovel designof thewake-uplogic andof amulti-unit sched-
uler. Our designsenablecyclic reuseof thereorderingbuffer
with new instructionscontinuallyenteringthebuffer andtak-
ing up theplaceof theoldest,retiring ones,withouthaving to
usecircuitry to compressinstructionsto the beginningof the
reorderingbuffer.

We have concentratedon redesigningthe processorcompo-
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Figure1: The stepstaken to executetwo dependentarithmetic instructions and their dependencies.

nentsthatlimit theexecutiontimeof dependentarithmeticin-
structionsin the reorderingbuffer. Figure1 shows the steps
that must be taken in order to executetwo dependentarith-
meticinstructionswithoutbypassing.In ourexample,Instruc-
tion B dependson the resultof InstructionA. InstructionA
wakesup InstructionB, onceA hasbeensuccessfullysched-
uled. InstructionB requeststo bescheduledwhile waiting for
the resultof A. Accordingto SPICEsimulationsof our lay-
outs,our wakeuplogic runsin 1.34nsandour schedulerlogic
runsin 1.69ns.

Our circuit designsshouldbeviewedasonly onestake in the
ground. Earlier study of the MIPS R10000and the Alpha
21264showedthattheircircuit implementationsof superscalar
componentswould not scaleto largebuffer sizes[9]. Subse-
quentprocessors,suchas the AMD K6, have begun to use
morescalableimplementationsto reimplementsomeof these
components.Theremaywell beother, possiblybetter, designs
for theprocessorcomponentsdescribedin this paper. To our
knowledge,no suchdesignshavebeenpublished.

While we presentnew scalabledesignsfor someprocessor
componentsin thispaper, therearemany otherprocessorcom-
ponentsthatwe have not addressed.We have not redesigned
the processor’s datapaths,only the control paths. We have
alsonot redesignedthelogic for bypassingresultsamongnu-
merousfunctionalunits. Instead,in ourprogramperformance
study, wemeasureasystemwith nobypasses.Finally, wehave
notaddressedtheproblemsof scalingthememorysubsystem.
In our programstudy, we assumea 32-entrymemorybuffer
thathascomparablefunctionalityto theAlpha21264’s buffer.
While we believe that sucha buffer is feasible,we have not
designedit.

All of our redesignedsuperscalarcomponentsdraw on the
sameunderlyingidea. They all exploit the sequentialorder-
ing of instructionsin a wrap-aroundreorderingbuffer andat-
tachoneor morecyclicsegmentedprefix(CSP)circuitsto the
reorderingbuffer. Figure2(a) illustratesan eight-instruction
wrap-aroundreorderingbuffer. Instructionsarestoredin the
buffer in a wrap-aroundsequence.The oldestinstructionin
the buffer is InstructionA, pointedto by the Head pointer.
Theyoungest,mostrecentlyfetched,is InstructionH pointed
to by theTail pointer.

Thiswork waspartlymotivatedby ourprevioustheoreticalre-
sultson asymptoticallyoptimalsuperscalarprocessors[3, 6].
In contrast,this work focuseson understandingtheengineer-
ing problemsof thewide-issueprocessorsof thenearfuture.

Figure2(a)alsoshows a lineargate-delayimplementationof
a CSPcircuit. A CSPcircuit with a linear gatedelay con-
sistsof a ring of operators,� , andMUXes. We attachthis
ring to the wrap-aroundreorderingbuffer usingdifferentas-
sociative operators,� . The � th entry in thebuffer is attached
to input in� , outputout� , andsegmentbit �	� of the CSPcir-
cuit. The circuit appliesthe operator� to successive inputs
andassignstheresultaccumulatedsofar, alsoknown asapre-
fix, to eachoutput. Thecircuit stopsaccumulatingwhenever
it encountersa high segmentbit. For example,if ��

��� and
������������������� , thenout��� in 
 � in ��� in ��� in � . For
thecircuit to producewell-definedvalues,at leastoneinstruc-
tion, typically theoldest,mustsetits segmentbit high in order
to stop the cyclic accumulationof inputs. In general,many
instructionscan raisetheir segmentbits, leadingthe circuit
to accumulateinputsover multiple non-overlapping,adjacent
segments.AlthoughFigure2(a)shows a lineargate-delayim-
plementationof a CSPcircuit; other, logarithmicgate-delay
implementationsexist. Figures4(a), 4(b), 5, and6 illustrate
four suchimplementations.All theCSPimplementationshave
identicalinterfacesandfunctionality, but thelogarithmicgate-
delayimplementationscanleadto dramaticallyfastercircuits.

Therestof this paperdescribesour novel circuits,their VLSI
layouts,andsimulations,andanalyzesthebenefitsof a large-
window processorutilizing thesecircuits. Section2 describes
our designsof the wakeup, schedule,commit, and rename
logic in termsof lineargate-delayCSPcircuits.Section3 con-
vertslineargate-delayCSPcircuitsto faster, logarithmicgate-
delayCSPcircuits andcomparesseveral alternative designs.
Section4describesandanalyzesourVLSI implementationsof
wakeup,schedule,andcommit logic. Section5 describesour
programperformancestudyandanalyzesits results.Section6
discussesimplicationsfor building a wide-window processor
in futuretechnologies.

2. CSP Cir cuits for Superscalar Compo-
nents

Thissectionshows how differentsuperscalarcomponentscan
beredesignedusingCSPcircuits. UsingCSPcircuits,we re-
designthecommitlogic, thewakeuplogic, theschedulelogic,
the renamelogic, and the commit logic of a traditional su-
perscalarprocessor. To simplify our explanation,we show
eachcomponentredesignedwith linear gate-delayCSPcir-
cuitsfirst. In Section3, we will convert our designsto faster
logarithmicgate-delayCSPcircuits.

Consider, first, the commit logic. The commit logic informs
eachinstructionwhetherall earlier instructionsin the buffer
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Figure 2: (a) An 8-entry wrap-around reordering buffer
with adjacent, linear gate-delay cyclic segmentedprefix
(CSP).The � canbe any associative operator, (b) Commit
logic usingCSP.

have committed.Figure2(b) shows a lineargate-delayimple-
mentationof thecommitlogicattachedto oureight-instruction
wrap-aroundreorderingbuffer. Thecommit logic consistsof
asingleone-bit-wideCSPcircuit with theoperatorAND. The
AND gatesaccumulatethesuccessive answer:“Have all ear-
lier instructionscommitted?”Eachmultiplexer passestheac-
cumulatedanswerto successive instructions,but stopsat the
oldestone.

Figure2(b) includesan example. In the example,wires car-
rying high signalsaredisplayedin bold; InstructionsA, B, E,
andF havecommitted;andthecommitlogic hasinformedIn-
structionsB andC thatall earlierinstructionshavecommitted.
InstructionsA, B, andC cannow act basedon the outputof
the commit logic andtheir own status. InstructionsA andB
retire,while InstructionC becomesthenew Head Instruction.

Our wake-uplogic usesCSPcircuitsto determinewheneach
instruction’s argumentsare readyto be latchedoff a broad-
castbus. Latchedargumentsremainin thewindow entryun-
til the entry canbe scheduled.The wake-up logic usesone
CSPcircuit for eachlogical registerdefinedin theprocessor’s
instructionsetarchitecture.EachCSPcircuit operatesinde-
pendentlyof the othersand informs the buffer’s instructions
aboutthe readinessof its logical register. Figure3(a) shows
our wake-up logic for a processorwith 32 logical registers.
Eachinstructionin thereorderingbuffer receives32readybits
indicatingthereadinessof eachregister. Eachinstructionthen
usesa 32-to-1multiplexer (not shown), for eachof its argu-
ments,to selectthereadybits correspondingto theregistersit

needs.

Figure 3(a) illustratesour linear gate-delayimplementation
of the wake-up logic for one register, register R5. The fig-
ureshows thevaluespassingalongthe wake-upCSPcircuit.
Wirescarryinghigh signalsaredisplayedin bold. Theopera-
tor � for this CSPcircuit is simply a wire thatpassestheold
valuealong(i.e., $%�'&(�)$ ). Eachinstructionin thereordering
buffer setsits segmentbit highif it writesregisterR5. It setsits
input bit high onceit hascomputedR5’s value. In our figure,
InstructionF hasalreadycomputeda valueof R5 andsetits
inputbit high; InstructionC hasnot. As aresult,InstructionG
is informedthatR5 is ready, but InstructionE is not.

Ourschedulelogic usesa singleCSPcircuit with additionfor
its operator� . Figure3(c) illustratesour schedulerwhich as-
signsfour functionalunitsto thefour oldestrequestinginstruc-
tions in a wrap-aroundreorderingbuffer. For eachbuffer en-
try, the schedulersimply returnsthe sum, � , of all the older
instructionsrequestingto be scheduled.(The sumcansatu-
rate at the numberof functional units.) A requestingentry
is scheduledto use functional unit � , if � is less than the
numberof functional units. In the exampleof Figure 3(c),
InstructionsA,B,D, andE have beenscheduledto functional
units0,1,2,and3 respectively.

3. Alter nativeCSPCir cuits
Although, for simplicity, the figuresabove show linear gate-
delayprefixcircuits,wefoundthatlogarithmicgate-delayim-
plementationscansignificantlyreducethecritical pathdelay.
This sectiondescribesandcontrastsfour differentimplemen-
tationsof CSPcircuitsthatall haveonly logarithmicgatedelay
in thewindow size. Thenext sectionwill discussthesimula-
tionsandthelayoutsof oursuperscalarcomponentsbuilt from
theseCSPcircuits.

All four CSPcircuitsdescribedin this sectionimplementthe
samefunction asthe circuit of Figure2(a). While the linear
gate-delayCSPcircuit in Figure2(a) appliedthe � operator
in-orderto successive inputs,the four logarithmicgate-delay
CSPcircuits rely on the associativity of the � operator, by
applyingtheoperatorin parallelto contiguoussubsetsof the
inputs. They all have *,+.-0/1�32 delaysdueto gates,but they
have varyingareasanddelaysdueto wires. Thefour circuits
are:a binarytree,a 4-arytree,a “thicket” of treesanda “pre-
fix/postfixthicket”.

Thebinary treecircuit is shown Figure4(a). Thebinary tree
consistsof a collectionof binarytreenodes(eachshown with
grey backgrounds)thatcomputeasegmentedprefixin theway
describedin [1]. Our circuit is different from the circuit of
[1] in that we modified the root nodeto make the tree im-
plementa cyclic segmentedprefix insteadof an acyclic seg-
mentedprefix. For a reorderingbuffer with � instructions,the
gatedelaythroughthebinarytreeimplementationconsistsof
+4+657-0/8�32:9;��2:� operatordelays1 plus +4+657-</8�32=9>��2 MUX
delays.Thedelayscanbethoughtof as +4+.-0/8�32?9���2 operators
andMUXesgoingup thetree,followedby -0/1� operatorsand
MUXesgoingdown thetree.

� Wewrite -0/8� to for thelog base2 of n.
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A fasterversion of the tree circuit can be implementedby
building a 4-ary tree,asshown in Figure4(b). Thedetailsof
a 4-ary treenodeareshown in Figure4(c–e).Thebinary root
nodeshown in Figure4(d) is thesameoneusedin Figure4(a).
Thedelaysgoingup the4-arytreearethesameasthebinary
tree(although,asweshallseein Section4, usingacompound
gateto implementa 4-aryMUX canspeedup thecircuit fur-
ther.) The delaysgoing down the tree are halved, however.
Thisis becausethevaluesgoingupthetreearrivefirst andpre-
computeall thevaluesshown in bold. Later, whenthevalue
comingdown the treefinally arrives, it passesthroughonly
one switchedoperatorat the bottom of the 4-ary tree node.
Thusthegatedelayconsistsof only @.A�B�5C-0/8�ED1� operatorde-
lays and @.AFBG5H-0/I�?D MUX delays. The useof 4-ary treesto
implementacyclic prefix is well known (see,for example,the
schedulerlogic in [9]), but we have not seenany 4-ary trees
thatimplementacyclic prefix.

The4-arytreeideacanbegeneralizedto otherwidths.For ex-
ample,whereasa4-arynodeproducesacircuit with agatede-
lay of @.A�B�5C-</8�ED(� operatorandMUX delays,an8-arynode
producesa circuit with only @KJLBMAI-0/I�?D(� operatorandMUX
delays.

The third approachis to build a “thicket” of trees,suchas
is describedin [1, Exercise29.2-6]. Figure5 illustratesthis
method.Onceagain,themaindifferencebetweenthis circuit
andthe one in the literatureis that our circuit implementsa
cyclicprefixoperation.Thegatedelaythroughathicketimple-
mentationconsistsof only -0/1��� operatorandMUX delays.
The areaincreasessubstantially, however; andthe savings in
gatedelayarepartlyoffsetby increasedwire delaysto traverse
thatarea.

Onedisadvantageof thethicketis thatsomesignalsmusttravel
all theway from thebottomof thecircuit to thetop of thecir-
cuit andthenall the way backdown. Consider, for example,
ascenarioin whichall segmentbits arelow exceptfor ��
 , the
next-to-lastwindow entry. Figure5 highlightsoneresulting
paththroughthecircuit. Thevaluefrom thelastwindow entry
musttravel all thewayto thetopof thecircuit in thefirst stage,
andthenwork its waynearlyto thebottomof thecircuit in the
subsequentstages.

To addressthisdoubled-wire-lengthproblemin thethicketcir-
cuit, we developedwhat we call a “prefix-postfix thicket”.
The prefix-postfixthicket, shown in Figure 6, combinesthe
outputsof an acyclic, segmentedprefix andan acyclic, seg-
mentedpostfix in orderto generatea CSP.For example,Fig-
ure6highlightsthedatapaththatcomputesoutN , assumingthat
only onesegmentbit, ��O , is high. Theprefix circuit computes
in �P�Q+ in �R� in �S2 . Thepostfixcircuit computes+ in O � in 
 24� in � .
Sincetheprefix’s segmentbit is low, the root nodecombines
theoutputsof theprefix andthepostfixcircuits,in thecorrect
order, generatingtheanswer:

outN �T+4+ in O�� in 
�24� in � 24�U+ in � �Q+ in � � in � 242RV
As our exampleillustrates,the “prefix-postfix thicket” com-
putesany outputsignalwhile traversingthe heightof the re-
orderingbuffer at mostonce.

The thicketsrequiresmuchmoreareathando the trees.The
tree’s areagrows as WQ+.�X-0/I�32 sincethe heightof the layout
is WQ+.�32 andthe width of the layout is WQ+.-</I�32 . (An H-tree
layoutcouldget theareaof a treedown to WQ+.�Y2 , but we are
assumingthat thewindow entriesarelayedout in a linearar-
ray for this study.) The thicket’s areagrows as WQ+.� � 2 for �
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window entries,sincetheheightof thelayoutis WQ+.�Y2 , andthe
width of thelaststagealoneis WQ+.�32 because�3B�5 wiresmust
move from thebottomhalf of thecircuit to thetop half. The
thickethastheadvantage,however, thatit hashalf thegatede-
laysof thebinarytree.The4-arytreeis somewherein between
with slightly greaterareaandabout A�BMJ thegatedelaysof the
binarytree.

4. Implementation and Performance
Having enumeratedseveral logarithmic-depthprefix circuits,
wewill next describeandevaluateour VLSI implementations
of wake-up,schedule,commit,andrenamelogic usingeachof
thesecircuitsandcomparethedifferentimplementations.

To avoid having avery long thin reorderingbuffer, weassume
in our implementationsthat thereorderingbuffer is layedout
in two columnsof 64 buffer entrieseach(seeFigure7.) Each
buffer entry is assumedto be 1000Z high. We believe that
1000Z is anoverestimateof theheight,possiblyby morethan
a factor of two. We decidedto usea larger-than-necessary
buffer height so that our critical-path-lengthestimatewould
be too high ratherthan too low. The variousbroadcastcir-
cuits connectingthe window entriesto functional units run
vertically over the entries,while the commit, wake-up, and
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schedulecircuitsrunbetweenthetwo columnsof entries.Our
circuits’ wire lengthsreflect this layout. They includeverti-
cal wire lengthsto traversetheheightof reorderingbuffer as
well as horizontalwire lengthsto traversethe othercircuits
sandwichedbetweenthetwo columns.

Having settledon the buffer’s layout, we then designedour
superscalarcomponentsfrom Section2 usingeachof theCSP
implementationsfrom Section3. We basedour designson

a 0.25� m, 5-metal-layer, Aluminum CMOS technology. For
eachdesign,weconsideredanumberof alternativeimplemen-
tations,in static,dominoandtransmissiongatelogic. Wealso
consideredmany differentsizesfor eachgatealongeachcir-
cuit’s critical path. We did not considermore thanonesize
ratio for transistorswithin thesamecompoundgate,however.
Differentsizeratioscouldperhapsyield circuitsfasterthanthe
oneswereport.

We have sized the transistorsof our circuits for maximum
speed, usinga C programthat we wrote. Our programas-
sumesthat the inputs are minimum-sizedand includesany
neededstep-upinverters.Outputsdrive minimumsizedgates.
The programmodelsthe delayof a transistorand of a wire
by a piecewise-quadraticapproximationfunction that we fit-
tedto matchtheSPICEsimulationsof the0.25� m technology
[18]. The program’s input consistsof a setof allowed sizes,
anda gate-level descriptionof thecircuit’s critical pathanno-
tatedwith wire lengths.The programstartsout by assigning
a randomsizeto eachgate,computesthecritical path’s delay,
andtheniteratesusinga geneticsearchalgorithmto reassign
sizes.It takestheprogramonly a few minutesto converge to
avery goodcircuit.

We usedour estimatesto choosethe mostpromisingcircuits
andimplementthem. We layedout thecritical pathsof these
circuits in Magic, and extractedthe circuits using a model
whichdistributestheRCof longwiresinto aseriesof resistors
andcapacitors.We ranSPICEon thecircuits,andfoundthat
our sizing program’s estimatesof the delaysareconsistently
within 10%of theSPICEresults.

Figure8 summarizes,in a table, the resultsfor our bestde-

Alan Berenbaum
241



2-Tree 4-tree Thicket Pre/Post
Delay(ns) Area Delay(ns) Area Delay(ns) Area Delay(ns) Area

Est’d SPICE (M Z � ) Est’d SPICE (M Z � ) Est’d SPICE (M Z � ) Est’d SPICE (M Z � )
Commit 2.06 9 1.82 11 1.76 140 1.46 1.41 160
Wakeup 2.35 900 1.60 1.54 980 1.99 13000 1.68 1.80 15000

(T-gates) 1.78 1.94 770 1.48 1.34 800
Schedule 2.35 24 2.10 26 2.03 320 1.64 1.69 360

Figure 8: Cir cuit delaysand areasincluding step-upand wir e costs.Cir cuits in all the rows, exceptfor the “T-gates” row,
usedomino logic. Cir cuits in the “T-gates” row usetransmissiongates.

signs.Thefigureassumesaprocessorwith 32logicalregisters
and128-entrywrap-aroundreorderingbuffer layedout in two
columns.Theprocessor’s wake-uplogic includesall 32 CSP
circuitsplusa32-to-1multiplexer for eachargumentin there-
orderingbuffer. The processor’s schedulelogic assignsfour
functional units to the four oldestrequestinginstructionsin
thereorderingbuffer. Eachcolumnof thetableusesa differ-
entCSPimplementationfrom Section3. Most of thecircuits
in thetableareimplementedwith dominologic anddriving in-
verters.Therearetwo exceptions.The32-to-1MUXeswithin
our wake-up logic are implementedwith transmissiongates.
And the row labeled“T-gates”describesfasterimplementa-
tionsof wake-uplogic in whichall multiplexersarebuilt with
transmissiongates.

The tableshows the critical pathdelayandareaestimatefor
our bestcommit,wake-up,andscheduledesigns.For all de-
signs,the tablereportstheestimateddelaysgeneratedby our
sizing program. The tablealso includesthe delaysreported
by SPICEfor the circuits’ critical pathsthat we have layed
out in Magic andsimulatedin SPICE.Finally, thetablegives
an estimateof eachcomponent’s areathat accountsfor both
gatesandwires. Our areaestimatesusefour metal layersto
routesignals.Usingonly four layerslikely overestimatesarea,
sinceexisting aluminumtechnologiesalreadyuseeightmetal
layers.Ourareaestimatesmayalsobesomewhathighbecause
wehavenotoptimallysizedgatesoutsideof critical paths2.

The remainderof this sectiondescribesour implementations
of eachlogic componentin greaterdetail andanalyzestheir
performance.

Wake-UpLogic
Thedescriptionof thewakeuplogic in Section1 presenteda
simplifiedview. Ourwake-uplogic doesnotonly computethe
readinessof eachargument.It alsopropagatesthenumberof
thefunctionalunit producingeachresult.A woken-upinstruc-
tion canusethefunctionalunit numberto readits argumentoff
theunit’sresultbus.Theactualprefixcircuit thatwesimulated
thuspasses5-bit values(a readybit, plusfour bits identifying
oneof sixteenresult-generatingfunctionalunits) throughthe
multiplexers. Thusthe circuit is the sameasthe CSPcircuit
describedin Figure3, but valuestraveling throughthe prefix
are5 bitswide insteadof 1 bit wide.

Figure 8 confirms that the wake-up logic is the most area-
intensiveof ourcomponents.Fortunately, oneof theleastarea-
intensive implementations,the 4-ary tree, is also the fastest.
� Wire areadominatesgatearea,however, limiting thepossible
overestimateto at most20–25%.

The resultingwake-uplogic’s width, for all 32 logical regis-
ters, is lessthanonefourth of the heightof the two-column
buffer.

Using transmissiongates,ratherthandominologic to imple-
menteachmultiplexer within the wake-up logic can further
speedup the design. We have sized, layed out, and simu-
latedwith SPICEthewake-uplogic’scritical path,usingtrans-
missiongatesto implementMUXes and treesto implement
CSP’s. Eachtreenodeconsistsonly of transmission-gatemul-
tiplexer(s)anddriving inverters. The binary tree implemen-
tation runsin 1.94ns,whereasthe 4-ary treeimplementation
runsin only 1.34nsaccordingto our SPICEsimulation. The
4-ary treeimplementationspeedsup muchmorethanthe bi-
nary tree implementationbecausea 4-ary transmissiongate
MUX is almostasfastasa 2-aryone,whentheselectbits are
readyin advance.

SchedulerLogic
Our schedulerschedulesfour functionalunitsasillustratedin
Figure3. All 128reorderingbuffer entriescanrequesta unit.
Thefour oldestrequestersreceivepositiveacknowledgements
togetherwith thenumberof theunit thathasbeenassignedto
them.Therestreceive anegativeacknowledgement.

Not surprisingly, thescheduleris our slowestcomponent.To
minimize delay, we have layed out the critical path of our
schedulerusingaprefix/postfixthicketimplementationof CSP
and a unary encodingof eachsum propagatingthroughthe
thicket. SPICEsimulationsof ourcritical pathyieldedworst-
casedelay of 1.69ns,whereasour sizing programpredicted
1.64ns.

In our studyof instruction-level-parallelism,we usefive sep-
arateschedulersto schedulefour integer ALUs, four branch
units,four memoryunits,four integermultiply units,andfour
floating point units. The five schedulersimplementedwith
prefix/postfixthickets,requiremoretotal areathanour wake-
up logic implementedwith a 4-ary tree. Together, the five
schedulers’width is lessthanhalf of theheightof thethetwo-
column reorderingbuffer. We accountfor this width when
computingthewire delaysof all of our circuits.

Ourscheduler’sspeedcomparesfavorablyto theonedescribed
by Palacharla[10, 9]. Palacharlauseda synthetic0.35� m
and0.18� m processextrapolatedfrom0.8� m and0.5� m tech-
nologies.We used0.25� m processparametersfrom MOSIS.
Palacharladid not accountfor wire delays,whereaswe did.
Weusedalinearinterpolationof thedelaybetweenthe0.35� m
and0.18� m to concludethatPalacharlapredictsschedulerde-
lays of about0.8nsfor a window of 128. In comparisonour
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schedulercircuit for onefunctionalunit hasa delayof 0.71ns
if we assumethatall wiresareof length0. If we assumethat
thewindows are100Z high, thenour circuit incursa delayof
0.88ns,and if we assumethat the windows are1000Z high,
thenour circuit is 1.32ns.

Palacharlashows how to scheduletwo functionalunitsof the
sametype (e.g.,two FP adders),by chainingtwo schedulers
together, whichwouldgiveadelayof 2.64nsusing1000Z win-
dows. Our schedulerfor twice asmany functionalunits(four
insteadof two) with windows of 1000Z hasa delayof only
1.69ns.

CommitLogic
We have layed out the critical path througha prefix/postfix
thicket which computesthecommitbits within 1.41ns.Since
the commit CSPis only one bit wide, the VLSI areaof the
prefix/postfixthicket is negligible.

RenameLogic
If eachinstructionin our instruction-setarchitecturegenerates
only oneresult,we canimplementrenamelogic in muchthe
samewayasourwake-uplogic. Wepassthrougheachlogical
register’sCSPa7-bit addressinsteadof a4-bit functional-unit
numberanda readybit. Therenamelogic supplieseachentry
in theentirebuffer with thethephysicalregisternumbersof its
arguments.Thephysicalregisternumbersin this implementa-
tion arethereorderingbuffer addressesof theinstructionsthat
write them.

5. PerformanceImpact
Theprecedingsectionsshow a strategy for redesigningmany
of the superscalarcomponentsto operateon a large wrap-
aroundreorderingbuffer. Our circuitsimplementa reordering
buffer that is morethanthreetimeslargerthanthereordering
buffersof today’scommercialprocessors,while reachingcom-
parableclock speedsin a comparabletechnology. Program
performancedoesnot just dependon clock speeds,however,
but alsoon the instruction-level parallelism(ILP) uncovered
by the processor. In this section,we will try to quantify the
effect largerreorderingbuffersmighthaveon theILP of next-
generationprocessors.

Our SimulationEnvironment
We basedour studiesof ILP on the SIMOS instruction-level
simulatorof the Alpha InstructionSetArchitecture[13, 17].
To measureinstruction-level parallelism,we addeda time-
stampingmechanismto the SIMOS in-order simulator. We
attacha time-stampto eacharchitectedregister. For example,
whensimulatinganinstruction

“R1:=R20+R23 ”,

we setthetime-stampof R1 to oneplus themaximumof the
time-stampsof R20 andR23. Theprogramcounteralsohasa
time-stamp,sowhenexecuting

“BRANCH-IF-ZERO R3 +5”,

which branchesforward 5 instructionsif R3 is zero,we can
“max-in” the time-stampof R3 to the stampof the program
counter. Whenexecutinga memoryinstruction,we can, for
example, keepa single time-stampon the memorysystem,
which effectively serializesall storeinstructions,andmakes

every loadinstructiondependonthemostrecentstoreinstruc-
tion (evenif thatstorewasto adifferentlocation.)Thesesim-
ulation ruleswould computethe critical pathfor a processor
with an infinite window, andan infinite numberof functional
units,no memoryparallelism,andno branchspeculation.

It turns out that we can modify the time-stampingrules to
handlemany more interestingvariations. We implemented
time-stampingrulesthatmodelthedelaysinducedby alimited
fetchwidth from aninfinite instructionor tracecache[14, 11]
with a hybrid branchpredictor[7] and mispredictionpenal-
ties,by a limited window sizewith threedifferentwindow re-
filling policies(wrap-around,compressing,andflushing),by
a limited numberof specialized,pipelinedfunctionalunitsas-
signedto oldestrequestinginstructions,andby anout-of-order
load/storeunit [4]. By maintainingmultiple time-stampsfor
eachstateandresource,wecansimulateanumberof different
processorsconcurrentlyin onesimulationrun.

Time-stampinghasallowedusto model,with little timeover-
head,many processorfeatures,but not all. For thesimulation
resultspresentedhere,we assumethatall memoryreferences
hit in eitherthe I-cacheor theD-cache.We aredevelopinga
simulationthatmodelscachebehavior. It is difficult for us to
accuratelymodela cacheusingtime-stamping,however, be-
causeweprocessinstructionsin theserialexecutionorder, not
in theorderin whichthey areexecutedby anout-of-orderpro-
cessor. For thesamereason,it is difficult for us to accurately
modelanon-pipelinedfunctionalunit, suchasadivider.

Wehavealsonot foundanefficientway to modeltheeffectof
a limited numberof functionalunits anda wraparoundwin-
dow in which the next instructionscheduledis the readyin-
structionin the lowest-numberedwindow entry, i.e. whenthe
window is wrap-aroundbut the scheduleris not. We believe
thatseveral existing processorsusesucha scheduler. Sucha
scheduleris likely to beworsethanapurewrap-aroundsched-
uler: it is usuallypreferableto schedulean older instruction
overayoungerinstructionsothatit canberetiredsooner. One
problemwith a non-wrap-aroundscheduleron a wrap-around
window is thatit canexhibit non-monotonicbehavior.3 It can
be very difficult to write goodcompilersfor processorsthat
exhibit non-monotonicbehavior.

Theearliesttime-stampingprocessorsimulatorthatwe know
of was implementedfor the GITA tagged-token dataflow ar-
chitecture[8]. We are alsoaware of a time-stampingsimu-
lation developedindependentlyby Intel for the PentiumPro
processor.

TheSimulatedProcessors
We simulatedtwo differentprocessorsusingour time-stamp-
ing simulator. Bothprocessorsimplementthe21264’s instruc-
tion set.Thefirst processor, called b , resemblestoday’s com-
mercialprocessorsandprovidesa baselinefor our study. The
b hasa 4-instructionfetch width anda single32-instruction
reorderingbuffer sharedby all instructions. The processor
fetchesanunalignedblock of four staticallyadjacentinstruc-
tions at a time. The b canissueup to nine instructionsat a
N A non-monotonicityin a processoris a situation where
addinganinstructionto theinnerloopof aprogramcanspeed
up theprogram[5].
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Common Hybrid BranchPredictor(see[7])
Characteristics: Predictorselection40962-bit counters(1024KB)

LocalPredictor40962-bit counters(1024KB)
GlobalPredictor(gsharew/ 3 bits)81922-bit counters(2048KB)

32Entry jump predictionstack
32Entry load/storeunit
InstructionLatencies:

IntegerALU (non-multiplication) 1 (2) Cycles
IntegerMultiply 7
Branch 1 (2)
Memory 3
FloatingPoint(non-division) 4
FPSinglePrecisionDivision 12
FPDoublePrecisionDivision 15

b 32EntryWindow
4-widefetch
Fetchuntil takenbranch(exceptfor gcc c )
2 integerALUs
2 branchunits
2 memoryports
1 integermultiplier
2 floatingpointunits

d
128EntryWindow
8-widefetch
Fetchuntil mispredictedbranch(exceptfor gcc e )
4 integerALUs
4 branchunits
4 memoryports
4 integermultiplier
4 floatingpointunits

Figure9: ProcessorCharacteristics

time. The functionalunits, their numbers,andtheir latencies
aredescribedin Figure9.

The secondprocessorthat we simulated,called
d

, approxi-
matesa processorthatwe believe couldbebuilt usingour re-
designedsuperscalarcomponentsandotherrecentadvances.
The

d
processorwakesup, schedules,andissuesinstructions

from asingle128-instructionsreorderingbuffer. Usinga trace
cache[14,11], theprocessorfetchesanunaligneddynamicse-
quenceof eightinstructionsata time. Fetchingof instructions
only incursdelayswhenamispredictedbranchis encountered,
ratherthanon every branch.The

d
canissueup to twentyin-

structionsat a time. Thefunctionalunits, their numbers,and
their latenciesarealsodescribedin Figure9.

The two processors,b and
d

, sharea numberof characteris-
tics. Both processorsusea hybrid branchpredictorthat dy-
namicallychoosesbetweentwo branchpredictorsandincurs
a 3-cycle penaltyon a branchmisprediction[7]. The branch
predictortablesarethesamesizefor bothprocessors.(It may
bethata largerbranchpredictorwouldmakesensefor a larger
processor.) Bothalsohave fully pipelinedfunctionalunitsand
infinite sizecaches.

Thetwo processorsdiffer in two importantaspects:thestruc-
tureof their reorderingbuffer andtheuseof bypasses.The b
processorusesa compressingreorderingbuffer muchlike the
21264,while the

d
usesa wrap-aroundreorderingbuffer. A

compressingreorderingbuffer canmake betteruseof its en-
tries.Onevery clockcycle, the b ’s compressingbuffer retires
all instructionsthathavefinishedexecutingandcompressesall
remainingentriesby pushingthemup to thetop of thebuffer.
Thus, on every clock cycle, all unusedentriesare readyto
be refilled with new instructions. In contrast,a wrap-around
buffer cannotrefill anunusedentryuntil all older instructions

havefinished.All thecircuitsdescribedin thispapercanoper-
ateonacompressingbuffer justaswell asawrap-aroundone4;
however, we do not know how to compressa 128-instruction
reorderingbuffer quickly. For this reason,the

d
assumesonly

awrap-aroundbuffer.

Unlike the b , the
d

alsosuffersfrom lack of bypassing.In to-
day’s processors,bypasspathsallow many dependentinstruc-
tionsto issuebackto back. With twenty functionalunits,we
assumethat the b will requirean additionalclock cycle be-
tweencertaintypesof dependentinstructions.Weassumethat
instructionswith multiple-cycle executionlatenciescanover-
lap theirexecutionwith theprechargingof their results’paths,
allowing dependentinstructionsto issuewithout delay. In-
structionswith one-cycleexecutionlatenciescannotprecharge
their results’ paths,however, becausetheir dependentshave
not yet beenscheduled.As a result,one-cycle instructionsef-
fectively costa two-cycledelay.

Our SimulationResults
We rana numberof simulationsin orderto betterunderstand
theperformanceof the b andthe

d
andtheperformanceloss

associatedwith the useof a wrap-aroundbuffer andthe lack
of bypassing.

Figures10 and11 shows the resultsof our simulations.The
figure shows the averageinstruction-level parallelismof the
SPECcpu95benchmarks[15] asmeasuredbyourtime-stamp-
ing simulator. Thebenchmarkswerecompiledby andfor an
Alpha 21164processorusingtheDigital C compilerinvoked
with

cc -migrate -std1 -O5 -ifo -om fg
In fact, the scheduleandcommit logic canbe madeto run

fasteronacompressingbuffer by eliminatingsegmentbits.
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Minimum Latency = 1 Minimum Latency = 2 EV6/700

b
(4-fetch) Wrap Compress Flush Wrap Compress Flush IPC

(int) go 2.20 2.22 1.89 1.96 2.05 1.59 1.03
gcc 2.40 2.45 2.09 2.13 2.24 1.75 2.13
compress 1.64 1.68 1.33 1.54 1.68 1.12 1.37
li 2.62 2.67 2.21 2.44 2.49 1.97 1.27
ijpeg 2.63 2.70 2.30 2.39 2.64 1.79 2.75
perl 2.54 2.86 2.00 2.18 2.52 1.71 1.11
vortex 3.11 3.14 2.53 2.87 3.11 2.25 1.99

(fp) tomcatv 2.50 2.53 2.21 2.09 2.16 1.76 1.29
swim 3.52 3.97 2.37 3.52 3.97 2.37 0.99
su2cor 2.45 2.53 2.14 2.01 2.13 1.70 0.80
hydro2d 2.59 3.43 1.72 2.58 3.43 1.71 1.38
mgrid 3.34 3.55 2.18 3.33 3.54 2.17 2.10
applu 2.52 3.20 1.71 2.49 3.17 1.68 0.86
turb3d 3.46 3.54 2.64 3.42 3.53 2.54 1.78
apsi 2.46 3.12 1.76 2.44 3.10 1.74 1.23
fpppp 2.56 3.12 1.76 2.55 3.10 1.74 2.04
wave5 2.68 3.42 1.91 2.59 3.32 1.82 1.11

All benchmarkswarmedup for 512M( 5 �^h ) instructions,andthenmeasuredover thenext 512Minstructions.

Figure10: Simulated IPC for the b processorand its variations.

which is the standard“vendor-supplied”compileroption for
compilingSPEC95.Sincethe21164is anin-orderprocessor,
our codewas not optimizedfor the out-of-orderfeaturesof
the21264.Thehighlightedcolumnsinthefigurescorrespond
to the two describedprocessors,b and

d
. Despiteits limita-

tions,the128-buffer
d

substantiallyoutperformsthe32-buffer
b . Evenonbenchmarkssuchasgcc whichhaverelatively lit-
tle parallelism,thewide-window processorshowsasignificant
performancegain.

The remainingcolumnsvary the structureof the reordering
buffer andthebypassingpolicy. Thecolumnslabeled“Wrap”
and“Compress”reporttheperformanceof a wrap-aroundre-
orderingbuffer anda compressingreorderingbuffer, respec-
tively. Thecolumnslabeled“Flush” area strawmanarchitec-
ture in which whenthewindow fills up, all instructionsmust
retire beforethe next instructioncanrun. We found that the
compressingwindow only buysa small amountof additional
performance,andtheflushingwindow is muchslower.

The columnslabeled“Minimum Latency = 2” force all in-
structionsto haveat leasta latency of two clockcycle in order
to modelthelack of bypassingin the

d
processor. Increasing

thelatency of theintegerunit to two incursa fairly significant
overhead,but doesnotoutweighthebenefitof a largereorder-
ing buffer.

For comparison,we alsoreport in the right-mostcolumnthe
averageinstruction-level parallelismachieved by a real ma-
chine,an Alpha GS14021264700MHz EV6 (the rightmost
column.) We have derived thesenumbersby measuringthe
numberof instructionsexecutedfor eachSPECbenchmark
anddividing by theclockspeedandby thepublishedruntimes.
This IPC is only an estimate,sincethe publishedCPU95re-
sultsfor the 21264arecompiledwith a newer compiler, and

sotheinstructioncountsaredifferent.This IPCshouldshould
resembletheIPCof our b processor.

Comparingthe b to theEV6, weconcludethatoursimulation
canreasonablymodel the performanceof somebenchmarks
(gcc , compress , ijpeg ), but predictsa muchhigherIPC
for otherbenchmarks(go , swim , su2cor ) thanis actually
achievedbya21264.Weexpectthatmany variablescontribute
to theinaccuracy. First, thetwo processorsdiffer in a number
of significantways. The21264hasan integer window of 20
instructionsandanFPwindow of 15 instructions,with aclus-
teringmechanismthat canfurther increaselatencies.The b ,
on theotherhand,hasonewindow of 32 instructions.For ex-
ample,[14] showed that the performanceof the go program
is verysensitiveto window sizeevenwhenholdingeverything
elseconstant,andthusour32-entrywindow maybebetterthan
the21264’s split 40-entrywindow. The IPC numbersin [14]
matchours fairly closely for go . The b also hastwo gen-
eralFPU’s insteadof oneFPadderandoneFPmultiplier, two
general-purposememoryports insteadof one for eachwin-
dow, anda pipelineddivider. In addition,the b fails to model
cachemissesincludingI/O traffic.

To isolatethe impactof the tracecacheon the performance,
wealsoranthegcc SPECbenchmarkon thesmallprocessor
with atracecache,andonthebig processorwith thenon-trace
I-cache.Figure12 shows the impactof the tracecache.Sur-
prisingly, the tracecacheis responsiblefor a relatively small
partof thespeedup.

6. Conclusion
Our studiesweredonewith a 0.25� m aluminumprocessthat
is alreadyobsolete.Wescaledour layoutinto UMC’s 0.18� m
copper/low-K technology, without reoptimizingit for thepro-
cess,andtheSPICEtime is about0.6nsfor thescheduler. We
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Minimum Latency = 1 Minimum Latency = 2 EV6/700d
(8-fetch) Wrap Compress Flush Wrap Compress Flush

(int) go 3.11 3.11 2.79 2.72 2.73 2.36 —
gcc 3.32 3.33 3.05 2.85 2.87 2.55 —
compress 2.01 2.01 1.84 1.99 1.99 1.68 —
li 3.33 3.33 3.11 3.04 3.04 2.82 —
ijpeg 4.82 4.91 4.27 4.50 4.64 3.46 —
perl 3.23 3.23 2.92 2.75 2.75 2.46 —
vortex 4.61 4.61 4.12 4.31 4.33 3.73 —

(fp) tomcatv 3.24 3.24 3.05 2.59 2.59 2.38 —
swim 6.31 6.36 4.16 6.30 6.36 4.15 —
su2cor 3.10 3.10 2.91 2.46 2.46 2.25 —
hydro2d 5.34 5.56 3.73 5.22 5.42 3.66 —
mgrid 5.88 5.89 4.20 5.84 5.87 4.16 —
applu 4.67 5.03 3.24 4.59 4.99 3.13 —
turb3d 6.65 6.70 5.19 6.35 6.43 4.86 —
apsi 4.66 4.77 3.34 4.56 4.70 3.25 —
fpppp 3.75 3.83 2.85 3.73 3.81 2.83 —
wave5 4.96 5.14 3.52 4.73 4.89 3.36 —

All benchmarkswarmedup for 512M( 5 �^h ) instructions,andthenmeasuredover thenext 512Minstructions.

Figure11: SimulatedIPC for the
d

processorand its variations.

Minimum Latency = 1 Minimum Latency = 2 GS140,6/700

b Wrap Compress Flush Wrap Compress Flush SpecBase
gcc e 2.40 2.45 2.09 2.13 2.24 1.75 2.13
gcc c 2.49 2.58 2.11 2.18 2.34 1.76 —

d
gcc e 3.14 3.14 2.95 2.74 2.74 2.49 —
gcc c 3.32 3.33 3.05 2.85 2.87 2.55 —

All benchmarkswarmedup for 512M( 5 �^h ) instructions,andthenmeasuredover thenext 512Minstructions.

Figure 12: The impact of the trace cache.The runs labelled gcce useda traditional I-cache,where the runs labelled gcc c
useda trace cachemodel.

concludethat processorswith 128-widewindows and many
functionalunitsmaysoonbepractical.

Architecturalideassuchasclustering[9], SMT [16], andtrace
caches[14, 11] arelargely orthogonalto our results.For ex-
ample,processorsshouldstill beclustered,but thesizeof the
windows canbemademuchlarger.

Pattet al [12] havebeenarguingfor severalyearsthatthebest
useof achipwith abillion transistorsis to build asinglelarge
uniprocessor. Our resultssuggestthat sucha processorcan
andshouldbebuilt.
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