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Abstract

Our programbenchmarksindsimulationsof novel circuitsin-
dicatethat large-windav processorsre feasible. Using our
redesigneduperscalacomponentsalarge-windav processor
implementedn todays technologycanachie/e anincreasef
10-60%(geometrianeanof 31%)in progranspeeccompared
to today’s processorsThe processopperatest clock speeds
comparableto today’s processorshut achieves significantly
higherILP.

To measurgheimpactof a large window on clock speedwe
designand simulatenew implementation®f the logic com-
ponentsthat mostlimit the critical path of our large-windav
processorthe scheduldogic andthe wake-uplogic. We use
log-depthcyclic sggmentedprefix (CSP)circuits to reimple-
mentthesecomponentsOur layoutsandsimulationsof criti-
cal pathsthroughthesecircuitsindicatethatour large-windav
processocouldbeclocked at frequenciegxceedingsfO0MHz
in todaystechnology Ourcommitlogic andrenamedogic can
alsorun atthesespeeds.

To measureheimpactof alargewindow on ILP, we compare
two microarchitectureghefirst hasa 128-instructiorwindow,

an 8-wide fetchunit, and20-wideissue(four integer, branch,
multiply, float, andmemoryunits), whereaghe seconchasa

32-instructionwindow, and a 4-wide fetch unit andis com-

parableto today’s processors.For each,we simulatediffer-

entwindow reuseandbypasspolicies. Our simulationsshav

thatthe large-windav processorachieres significantlyhigher
IPC. This performancencreasecomesdespitethe fact that
thelarge-windav processousesawrap-aroundvindow while

thesmall-windav processotsesa compressingvindow, thus
effectively increasingts numberof outstandingnstructions.
Furthermorethe large-windav processosometimegpaysan

extra clock cycle for bypassing.

1. Intr oduction
It is sodifficult to designa high-speedvide-issuesuperscalar

processothatsomeprocessomalersseento be abandoning
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thewholeidea. Theproblemappearso bethatthelogic to de-
code,rename analyzeandschedulen instructionsper clock
cycleslowstheclock cycle down enoughto resultin anetper
formancedecreaseomparedo a processothatissuesewer
instructionsper clock. Examplesof this trendincludeIBM’s
Pawer4, which includestwo 4-issueprocessor®n a chip in-
steadof a single widerissueprocessqgrand Intel’s Itanium
which relies on VLIW techniquego reducethe amountof
analysisandschedulingloneatruntime.Counteringhistrend
is Compags announcemerthatthe Alpha EV8 will includea
window of 256instructionsanda peakissuerateof 8 instruc-
tionsperclockwith supportfor four threadslt is notyetclear
what performancecharacteristicshe EV8 will have. To give
anexampleof the sortof performanceve mean,considerthe
Alpha 21264 (EV6), which usestwo smallwindows (20 en-
tries for integer and 15 for float) insteadof one big window
(see[2] for a descriptionof theissuelogic in the EV6.) The
integerwindow statically assignseachinstructionto a group
of functionalunits beforeenqueueingt. It requiresan extra
clock cycle for datato move betweerinstructionghathappen
to have beenplacedfar apartfrom eachother ascomparedo
if they hadbeenplacedneareachother The collective effect
is thatthe EV6 is alreadypayingfor its largewindow size(al-
thoughthe overall costis apparentlyacceptable—perha@28o
on SPECbenchmarks.\We would expectthe EV8 to payrel-
atively moresinceits window is biggerandit hasmorefunc-
tional units. The EV8 will gainatremendousdwantageover
today’s technologyby usinga copper/lav-dielectric-constant
SOl processn the year2003, makingit difficult to compare
to our studywhich relieson a 0.25m aluminumtechnology
thatis availabletoday (The Paver4, Itanium,andEV8 were
all describedatthe 1999MicroprocessoForum.)

This paperoutlinesthe coreof a processothatcanfetch8 in-

structionsper clock, issue20 instructionsper clock, andhas
a window of 128 instructions. This processqrdesignedin

the technologyof mid 1999 (0.25m aluminum), has criti-

cal path competitie to todays processorgour critical path
is under2ns)andwith substantiallyhigherILP andprogram
speedccomparedo today’s processorsOur processorelieson
anovel designof thewake-uplogic andof a multi-unit sched-
uler. Our designsenablecyclic reuseof the reorderingbuffer

with new instructionscontinuallyenteringthe buffer andtak-
ing up the placeof the oldest,retiring ones without having to

usecircuitry to compressnstructionsto the beginning of the
reorderingbuffer.

We have concentratedn redesigningthe processorcompo-
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Figure 1: The stepstakento executetwo dependentarithmetic instructions and their dependencies.

nentsthatlimit the executiontime of dependenarithmeticin-

structionsin the reorderingbuffer. Figure1 shaws the steps
that must be taken in orderto executetwo dependentrith-

meticinstructionswithoutbypassingln our example,Instruc-
tion B dependon the resultof InstructionA. InstructionA

wakesup InstructionB, onceA hasbeensuccessfullysched-
uled. InstructionB requestgo be scheduledvhile waiting for

theresultof A. Accordingto SPICEsimulationsof our lay-

outs,our wakeuplogic runsin 1.34nsandour scheduletogic

runsin 1.69ns.

Our circuit designsshouldbe viewed asonly onestale in the
ground. Earlier study of the MIPS R10000and the Alpha
21264shavedthattheircircuitimplementationsf superscalar
componentsvould not scaleto large buffer sizes[9]. Subse-
guentprocessorssuchasthe AMD K6, have begun to use
morescalableémplementationso reimplemensomeof these
componentsTheremaywell beother possiblybetter designs
for the processocomponentslescribedn this paper To our
knowledge,no suchdesignshave beenpublished.

While we presentnew scalabledesignsfor someprocessor
componentfn this papertherearemary otherprocessocom-
ponentghatwe have not addressedWe have not redesigned
the processos datapaths,only the control paths. We have
alsonotredesignedhe logic for bypassingesultsamongnu-
merousfunctionalunits. Insteadjn our programperformance
study we measurasystemwith nobypassesrinally, we have
notaddressetheproblemsof scalingthe memorysubsystem.
In our programstudy we assumea 32-entrymemorybuffer
thathascomparabléunctionalityto the Alpha 212645 buffer.
While we believe that sucha buffer is feasible,we have not
designedt.

All of our redesignedsuperscalacomponentdrav on the
sameunderlyingidea. They all exploit the sequentiabrder

ing of instructionsin a wrap-aroundeorderingbuffer andat-

tachoneor morecyclic sgmentedorefix (CSP)circuitsto the
reorderingbuffer. Figure 2(a) illustratesan eight-instruction
wrap-aroundeorderingbuffer. Instructionsare storedin the
buffer in a wrap-aroundsequence.The oldestinstructionin

the buffer is InstructionA, pointedto by the Head pointer

Theyoungestmostrecentlyfetched,is InstructionH pointed
to by theTail pointer

Thiswork waspartly motivatedby our previoustheoreticale-
sultson asymptoticallyoptimal superscalaprocessor§3, 6].
In contrastthis work focuseson understandinghe engineer
ing problemsof thewide-issugprocessorsf the nearfuture.
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Figure2(a) alsoshaws a linear gate-delayimplementatiorof
a CSPcircuit. A CSPcircuit with a linear gatedelay con-
sistsof a ring of operators,®, and MUXes. We attachthis
ring to the wrap-aroundeorderingbuffer using differentas-
sociative operators®. The jth entryin the buffer is attached
to input in;, outputout;, and segmentbit s; of the CSPcir-
cuit. The circuit appliesthe operator® to successie inputs
andassigngheresultaccumulatedofar, alsoknown asapre-
fix, to eachoutput. The circuit stopsaccumulatingvheneer
it encounters high segmentbit. For example,if s = 1 and
s7 = 8o = s1 = 0, thenout, = INgRINyRiNe®in;. For
thecircuitto producewell-definedvalues atleastoneinstruc-
tion, typically theoldest mustsetits segmentbit highin order
to stopthe cyclic accumulatiorof inputs. In general,mary
instructionscan raise their sggmentbits, leadingthe circuit
to accumulaténputsover multiple non-o/erlapping,adjacent
segments Although Figure2(a)shaws alineargate-delaym-
plementatiorof a CSP circuit; other logarithmic gate-delay
implementationgxist. Figures4(a), 4(b), 5, and6 illustrate
four suchimplementationsAll the CSPimplementationfiave
identicalinterfacesandfunctionality but thelogarithmicgate-
delayimplementationganleadto dramaticallyfastercircuits.

Therestof this paperdescribesur novel circuits, their VLSI
layouts,andsimulations,andanalyzeghe benefitsof a large-
window processoutilizing thesecircuits. Section2 describes
our designsof the wakeup, schedule,commit, and rename
logic in termsof lineargate-delayCSPcircuits. Section3 con-
vertslineargate-delayCSPcircuitsto fasterlogarithmicgate-
delay CSPcircuits and comparesereral alternatve designs.
Sectiord describesindanalyze®ur VLS| implementationsf
wakeup,scheduleandcommitlogic. Section5 describeour
programperformancetudyandanalyzests results.Section
discusseamplicationsfor building a wide-windav processor
in futuretechnologies.

2. CSP Circuits for Superscalar Compo-

. hents )

This sectionshavs how differentsuperscalacomponentgan
beredesignedisingCSPcircuits. Using CSPcircuits, we re-
designthecommitlogic, thewakeuplogic, thescheduldogic,
the renamelogic, and the commit logic of a traditional su-
perscalamprocessor To simplify our explanation,we shav
eachcomponentredesignedvith linear gate-delayCSP cir-
cuitsfirst. In Section3, we will convert our designgo faster
logarithmicgate-delayCSPcircuits.

Consider first, the commitlogic. The commitlogic informs
eachinstructionwhetherall earlierinstructionsin the buffer
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Figure 2: (a) An 8-entry wrap-around reordering buffer
with adjacent, linear gate-delay cyclic segmentedpr efix
(CSP).The ® canbe any associatve operator, (b) Commit
logic using CSP.

have committed.Figure2(b) shavs a lineargate-delaymple-

mentatiorof thecommitlogic attachedo oureight-instruction
wrap-aroundeorderingbuffer. The commitlogic consistsof

asingleone-bit-wideCSPcircuit with theoperatorAND. The
AND gatesaccumulatahe successie answer:“Have all ear

lier instructionscommitted?”Eachmultiplexer passeshe ac-
cumulatedanswerto successie instructions but stopsat the
oldestone.

Figure 2(b) includesan example. In the example,wires car
rying high signalsaredisplayedn bold; InstructionsA, B, E,
andF have committed;andthe commitlogic hasinformedin-
structionsB andC thatall earlierinstructionshave committed.
InstructionsA, B, andC cannow actbasedon the outputof
the commitlogic andtheir own status. InstructionsA andB
retire,while InstructionC becomeshenew Head Instruction.

Ourwake-uplogic usesCSPcircuitsto determinewheneach
instructions agumentsare readyto be latchedoff a broad-
castbus. Latchedagumentsemainin the window entry un-
til the entry canbe scheduled. The wake-up logic usesone
CSPecircuit for eachlogical registerdefinedin the processos
instructionsetarchitecture.EachCSPcircuit operatesnde-
pendentlyof the othersandinforms the buffer’s instructions
aboutthe readinesof its logical register Figure 3(a) shavs
our wake-up logic for a processomith 32 logical registers.
Eachinstructionin thereorderingouffer receves32 readybits
indicatingthereadines®f eachregister Eachinstructionthen
usesa 32-to-1 multiplexer (not shawn), for eachof its argu-
ments to selectthereadybits correspondingo theregistersit
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needs.

Figure 3(a) illustratesour linear gate-delayimplementation
of the wake-up logic for oneregister registerR5. The fig-
ure shavs the valuespassingalongthe wake-up CSPcircuit.
Wirescarryinghigh signalsaredisplayedn bold. Theopera-
tor ® for this CSPcircuit is simply a wire thatpasseshe old
valuealong(i.e.,a®b = a). Eachinstructionin thereordering
buffer setgts segmentbit highif it writesregisterR5. It setdts
inputbit high onceit hascomputedR5's value. In our figure,
InstructionF hasalreadycomputeda value of R5 andsetits
inputbit high; InstructionC hasnot. As aresult,InstructionG
isinformedthatR5 is ready but InstructionE is not.

Our scheduldogic usesa single CSPcircuit with additionfor
its operator®. Figure3(c)illustratesour schedulewhich as-
signsfour functionalunitsto thefour oldestrequestingnstruc-
tionsin awrap-aroundeorderingbuffer. For eachbuffer en-
try, the schedulesimply returnsthe sum, n, of all the older
instructionsrequestingo be scheduled.(The sumcan satu-
rate at the numberof functional units.) A requestingentry
is scheduledto use functionalunit n, if n is lessthanthe
numberof functionalunits. In the example of Figure 3(c),
InstructionsA,B,D, and E have beenscheduledo functional
units0,1,2,and3 respectiely.

3. Alternative CSPCir cuits

Although, for simplicity, the figuresabove shav linear gate-
delayprefix circuits,we foundthatlogarithmicgate-delaym-

plementationgansignificantlyreducethe critical pathdelay

This sectiondescribesandcontrastsour differentimplemen-
tationsof CSPcircuitsthatall have only logarithmicgatedelay
in thewindow size. The next sectionwill discusshe simula-
tionsandthelayoutsof our superscalacomponentsuilt from

theseCSPcircuits.

All four CSPcircuitsdescribedn this sectionimplementthe
samefunction asthe circuit of Figure2(a). While the linear
gate-delayCSPcircuit in Figure 2(a) appliedthe ® operator
in-orderto successie inputs,the four logarithmicgate-delay
CSPcircuits rely on the associatiity of the ® operator by
applyingthe operatorin parallelto contiguoussubsetof the
inputs. They all have O(lgn) delaysdueto gates,but they
have varying areasanddelaysdueto wires. The four circuits
are:abinarytree,a4-arytree,a “thicket” of treesanda“pre-
fix/postfix thicket”.

The binary treecircuit is shavn Figure4(a). The binarytree
consistof a collectionof binarytreenodeg(eachshavn with
grey backgroundsthatcomputeasegmentecdprefixin theway
describedn [1]. Our circuit is differentfrom the circuit of
[1] in that we modified the root nodeto male the tree im-
plementa cyclic sgmentedprefix insteadof an agyclic seg-
mentedprefix. For areorderingouffer with n instructionsthe
gatedelaythroughthe binary treeimplementatiorconsistsof
((21gn) — 1) ® operatordelays plus ((21gn) — 1) MUX
delays.Thedelayscanbethoughtof as((lg n) — 1) operators
andMUXes goingup thetree,followedby 1g n operatorsand
MUXes goingdown thetree.

'we write Ig n to for thelog base2 of n.
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Figure 3: (a) An 8-entry wrap-around reordering buffer with adjacentwake-up logic for a processomith 32 logical regis-
ters. (b) The wake-up logic for logical registerR5. Assertedsignalsare shown in bold. (c) Schedulerlogic schedulingfour

functional units.

A fasterversion of the tree circuit can be implementedby

building a 4-arytree,asshavn in Figure4(b). The detailsof

a 4-arytreenodeareshavn in Figure4(c—e).Thebinary root

nodeshavn in Figure4(d) is thesameoneusedn Figure4(a).

Thedelaysgoing up the 4-arytreearethe sameasthe binary
tree(althoughaswe shallseein Sectior4, usingacompound
gateto implementa 4-ary MUX canspeedup the circuit fur-

ther) The delaysgoing down the tree are halved, however.

Thisis becaus¢hevaluesgoingupthetreearrivefirstandpre-
computeall the valuesshavn in bold. Later, whenthe value
coming down the treefinally arrives, it passeghroughonly

one switchedoperatorat the bottom of the 4-ary tree node.
Thusthegatedelayconsistf only | 3/21g n| ® operatode-
laysand |3/21gn| MUX delays. The useof 4-ary treesto

implementagyclic prefixis well known (see for example,the
schedulelogic in [9]), but we have not seenary 4-arytrees
thatimplementa cyclic prefix.

The4-arytreeideacanbegeneralizedo otherwidths. For ex-
ample whereas 4-arynodeproduces circuit with a gatede-
lay of |3/21gn| ® operatorandMUX delays,an8-arynode
producesa circuit with only |4/31gn| ® operatorandMUX
delays.

The third approachis to build a “thicket” of trees,suchas
is describedn [1, Exercise29.2-6]. Figure5 illustratesthis
method.Onceagain,the main differencebetweerthis circuit
andthe onein the literatureis that our circuit implementsa
cyclicprefixoperation. Thegatedelaythroughathicketimple-
mentationconsistsof only 1g n ® operatorandMUX delays.
The areaincreasesubstantiallyhowever; andthe savingsin
gatedelayarepartly offsetby increaseavire delaysto traverse
thatarea.
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Onedisadwantageof thethicketis thatsomesignalsmusttravel

all theway from the bottomof thecircuit to the top of thecir-

cuit andthenall the way backdown. Considerfor example,
ascenaridn which all segmentbits arelow exceptfor sg, the
next-to-lastwindow entry Figure5 highlightsoneresulting
paththroughthecircuit. Thevaluefrom thelastwindow entry
musttravel all thewayto thetop of thecircuitin thefirst stage,
andthenwork its way nearlyto thebottomof thecircuit in the
subsequergtages.

To addresshis doubled-wire-lengtiproblemin thethicket cir-
cuit, we developedwhat we call a “prefix-postfix thicket”.
The prefix-postfixthicket, shavn in Figure 6, combinesthe
outputsof an agyclic, sgmentedprefix andan agyclic, sey-
mentedpostfixin orderto generatea CSP. For example,Fig-
ure6 highlightsthedatapathhatcompute®ut;, assuminghat
only onesegmentbit, ss, is high. Theprefix circuit computes
ino®(in1 ®ins). The postfixcircuit computegins ®ing)Rin7.
Sincethe prefix’'s sggmentbit is low, the root nodecombines
the outputsof the prefix andthe postfix circuits,in the correct
order generatingheanswer:

outs = ((ins®ine)®in7)®(INe®(iN1 ®in2)).

As our exampleillustrates,the “prefix-postfix thicket” com-
putesary outputsignalwhile traversingthe heightof the re-
orderingbuffer atmostonce.

Thethicketsrequiresmuchmoreareathando the trees. The
trees areagrows as©(nlgn) sincethe heightof the layout
is ©(n) andthe width of the layoutis ©(Ign). (An H-tree
layout could getthe areaof a treedown to ©(n), but we are
assuminghatthe window entriesarelayedoutin alinearar-
ray for this study) The thicket's areagrows as©(n?) for n


Alan Berenbaum
239


outg oulp

ing T= Log-Depth Cyclic Segmented Prefix (CSP) ing —L

0 0
outy ] T . . outy —|:

ing T L —= ing L =

s1 s1 o 4-ary tree node
outy I outy =

ing ing

J

27 ] ] 5
outg ] rL | outg

ing 75 L in3

S3 ‘e__—— Binary tree nodes s3 Binary rootnode
outy outy

ing ing

) ( D sl
outy ] T . . outg —|:

ins = o Binary root node. N5

s5 s5 o 4-ary tree node
Qg% Il 0,‘"6 J —

ing ng

I J

S6 J 6
outy J outy

ing — in7

T
o ]

s7
(b) A 4-arytreewith abinaryrootnode.

i F min

(c) 4-arytreenode. (d) Binaryrootnode. (e) “Switchedoperators”.

Figure 4: (a) A binary-tr eeimplementation of CSP. (b) A 4-ary treewith a binary root node. (c) A nodein the 4-ary tree.
(d) The binary root node. (e) The switchedoperatorsusedin (c) and (d).

window entries sincethe heightof thelayoutis ©(n), andthe
width of the laststagealoneis ©(n) because:/2 wires must
move from the bottom half of the circuit to the top half. The
thickethastheadwantagehowever, thatit hashalf thegatede-
laysof thebinarytree. The4-arytreeis somevherein between
with slightly greaterareaandabout3/4 the gatedelaysof the
binarytree.
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4. Implementation and Performance

Having enumeratedeveral logarithmic-depthprefix circuits,
we will next describeandevaluateour VLS| implementations
of wake-up,schedulecommit,andrenamdogic usingeachof
thesecircuitsandcomparehedifferentimplementations.
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To avoid having avery long thin reorderingouffer, we assume
in ourimplementationshatthe reorderingbuffer is layedout
in two columnsof 64 buffer entrieseach(seeFigure?.) Each
buffer entry is assumedo be 1000\ high. We believe that
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7 1000\ is anoverestimatef the height,possiblyby morethan
a factor of two. We decidedto usea largerthan-necessary
buffer height so that our critical-path-lengthestimatewould
Figure5: A CSPcircuit madeof a wrap-around “thick et”, be too high ratherthantoo low. The variousbroadcastir-
with onelongestpath highlighted. cuits connectingthe window entriesto functional units run

vertically over the entries,while the commit, wake-up, and
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Figure 7: The layout of the registerwindow with the 4-ary
wakeup logic treeshown.

scheduleeircuitsrun betweerthetwo columnsof entries.Our
circuits’ wire lengthsreflectthis layout. They include verti-
cal wire lengthsto traversethe heightof reorderingbuffer as
well as horizontalwire lengthsto traversethe other circuits
sandwichedetweerthetwo columns.

Having settledon the buffer’s layout, we then designedour
superscalacomponentfrom Section2 usingeachof the CSP
implementationdrom Section3. We basedour designson
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a 0.25m, 5-metal-layer Aluminum CMOS technology For
eachdesignwe considereé@numberof alternatve implemen-
tations,in static,dominoandtransmissiomatelogic. We also
considerednary differentsizesfor eachgatealongeachcir-

cuit’s critical path. We did not considermorethanone size
ratio for transistorswithin the samecompoundyate,however.

Differentsizeratioscouldperhapyield circuitsfasterthanthe
oneswe report.

We have sizedthe transistorsof our circuits for maximum
speed, usinga C programthat we wrote. Our programas-
sumesthat the inputs are minimum-sizedand includesary
neededstep-upinverters.Outputsdrive minimumsizedgates.
The programmodelsthe delay of a transistorand of a wire
by a piecavise-quadrati@pproximationfunction that we fit-
tedto matchthe SPICEsimulationsof the0.25:m technology
[18]. The programs input consistsof a setof allowed sizes,
anda gate-level descriptionof the circuit’s critical pathanno-
tatedwith wire lengths. The programstartsout by assigning
arandomsizeto eachgate,computeghe critical paths delay
andtheniteratesusinga geneticsearchalgorithmto reassign
sizes. It takesthe programonly a few minutesto corvergeto
avery goodcirculit.

We usedour estimatego choosethe mostpromisingcircuits

andimplementthem. We layedout the critical pathsof these
circuits in Magic, and extractedthe circuits using a model

whichdistributesthe RC of long wiresinto a seriesof resistors
andcapacitors We ran SPICEon the circuits, andfound that

our sizing programs estimatesf the delaysare consistently
within 10% of the SPICEresults.

Figure 8 summarizesin 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
Estd SPICE (MX?) | Estd SPICE (MM?) | Estd SPICE (MMA?) | Estd SPICE (MA?)
Commit 2.06 9] 1.82 11| 1.76 140 1.46 141 160
Wakeup 2.35 900| 1.60 1.54 980 | 1.99 13000| 1.68 1.80 15000
(T-gates)| 1.78 1.94 770| 148 1.34 800
Schedule | 2.35 24| 2.10 26| 2.03 320| 164 1.69 360

Figure 8: Circuit 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.Thefigureassumeaprocessowith 32logicalregisters
and128-entrywrap-aroundeorderingouffer layedoutin two

columns. The processos wake-uplogic includesall 32 CSP
circuitsplusa 32-to-1multiplexer for eachargumentin there-

orderingbuffer. The processos scheduldogic assignsfour

functional units to the four oldestrequestingnstructionsin

thereorderingbuffer. Eachcolumnof thetableusesa differ-

entCSPimplementatiorfrom Section3. Most of the circuits

in thetableareimplementedvith dominologic anddriving in-

verters.Therearetwo exceptions The 32-to-1MUXes within

our wake-uplogic areimplementedwith transmissiorgates.
And the row labeled“T-gates”describedasterimplementa-
tionsof wake-uplogic in which all multiplexersarebuilt with

transmissiomates.

The table shaws the critical path delay and areaestimatefor
our bestcommit, wake-up,andscheduledesigns.For all de-
signs,the tablereportsthe estimatedielaysgeneratedy our
sizing program. The table alsoincludesthe delaysreported
by SPICEfor the circuits’ critical pathsthat we have layed
outin Magic andsimulatedin SPICE.Finally, thetablegives
an estimateof eachcomponens areathat accountsfor both
gatesandwires. Our areaestimatesusefour metallayersto
routesignals.Usingonly four layerslik ely overestimatearea,
sinceexisting aluminumtechnologiesalreadyuseeight metal
layers.Ourareaestimatesnayalsobesomeavhathighbecause
we have not optimally sizedgatesoutsideof critical paths®.

The remainderof this sectiondescribesour implementations
of eachlogic componenin greaterdetail and analyzegheir
performance.

Wake-UpLogic

The descriptionof the wakeuplogic in Sectionl presentedh
simplifiedview. Ourwake-uplogic doesnotonly computethe
readines®f eachargument. |t alsopropagateshe numberof
thefunctionalunit producingeachresult. A woken-upinstruc-
tion canusethefunctionalunit numberto readits agumeniboff
theunit'sresultbus. Theactualprefix circuit thatwe simulated
thuspasse$-bit values(a readybit, plusfour bitsidentifying
one of sixteenresult-generatindunctionalunits) throughthe
multiplexers. Thusthe circuit is the sameasthe CSPcircuit
describedn Figure3, but valuestraveling throughthe prefix
are5 bits wide insteadof 1 bit wide.

Figure 8 confirmsthat the wake-up logic is the most area-
intensve of ourcomponentskortunatelyoneof theleastarea-
intensie implementationsthe 4-ary tree, is alsothe fastest.

2Wwire areadominategjateareahowever, limiting thepossible
overestimateo atmost20-25%.
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The resultingwake-uplogic’s width, for all 32 logical regis-
ters, is lessthan onefourth of the heightof the two-column
buffer.

Using transmissiorgates 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
CSPs. Eachtreenodeconsistonly of transmission-gateaul-

tiplexer(s) anddriving inverters. The binary tree implemen-
tationrunsin 1.94ns,whereashe 4-ary treeimplementation
runsin only 1.34nsaccordingto our SPICEsimulation. The

4-ary treeimplementatiorspeedsup muchmorethanthe bi-

nary tree implementatiorbecausea 4-ary transmissiorgate
MUX is almostasfastasa 2-aryone,whenthe selectbits are
readyin adwance.

SdedulerLogic

Our schedulescheduledour functionalunits asillustratedin
Figure3. All 128reorderingouffer entriescanrequest unit.
Thefour oldestrequesterseceve positive acknavledgements
togethewith the numberof the unit thathasbeenassignedo
them.Therestreceve a negative acknaviedgement.

Not surprisingly the scheduleiis our slovestcomponent.To
minimize delay we have layed out the critical path of our
scheduleusingaprefix/postfixthicketimplementatiorof CSP
and a unary encodingof eachsum propagatingthroughthe
thicket. SPICEsimulationsof our critical pathyieldedworst-
casedelay of 1.69ns,whereasour sizing programpredicted
1.64ns.

In our studyof instruction-leel-parallelismwe usefive sep-
arateschedulergo scheduléefour integer ALUs, four branch
units,four memoryunits,four integermultiply units,andfour
floating point units. The five schedulersmplementedwith

prefix/postfixthickets,requiremoretotal areathanour wake-
up logic implementedwith a 4-ary tree. Together the five
schedulerswidth is lessthanhalf of the heightof thethetwo-

columnreorderingbuffer. We accountfor this width when
computingthewire delaysof all of our circuits.

Ourschedules speedcomparesavorablyto theonedescribed
by Palacharla[10, 9]. Palacharlauseda synthetic0.35um
and0.18:m proces®xtrapolatedrom 0.8um and0.5um tech-
nologies.We used0.25:m procesparametersrom MOSIS.
Palacharladid not accountfor wire delays,whereaswe did.
Weusedalinearinterpolationof thedelaybetweerthe0.35um
and0.18:m to concludethatPalacharlgredictsschedulede-
lays of about0.8nsfor a window of 128. In comparisorour
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schedulecircuit for onefunctionalunit hasa delayof 0.71ns
if we assumeahatall wiresareof lengthO. If we assumehat
thewindows are 100\ high, thenour circuit incursa delayof

0.88ns,andif we assumehat the windows are 1000\ high,

thenour circuitis 1.32ns.

Palacharlashavs how to schedulewo functionalunits of the
sametype (e.g.,two FP adders) by chainingtwo schedulers
togetherwhichwould give adelayof 2.64nsusing1000\ win-
dows. Our schedulefor twice asmary functionalunits (four
insteadof two) with windows of 1000\ hasa delay of only
1.69ns.

CommitLogic

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

Renamé.ogic

If eachinstructionin ourinstruction-searchitecturggenerates
only oneresult,we canimplementrenameogic in muchthe
sameway asour wake-uplogic. We passthrougheachlogical
registers CSPa 7-bit addressnsteadf a4-bit functional-unit
numberandareadybit. Therenamdogic supplieseachentry
in theentirebuffer with thethe physicalregisternumberof its
arguments.Thephysicalregisternumbersn thisimplementa-
tion arethereorderingbuffer addressesf theinstructionghat
write them.

5. Performancelmpact

The precedingsectionsshaw a strateyy for redesigningnary

of the superscalacomponentgo operateon a large wrap-
aroundreorderingouffer. Our circuitsimplementareordering
buffer thatis morethanthreetimeslargerthanthe reordering
buffersof todayscommerciaprocessorsyhile reachingcom-
parableclock speedsn a comparableechnology Program
performanceadoesnot just dependon clock speedshowever,

but also on the instruction-leel parallelism(ILP) uncovered
by the processor In this section,we will try to quantify the
effectlargerreorderingouffersmighthave onthelILP of next-

generatiorprocessors.

Our SimulationEnvironment

We basedour studiesof ILP on the SIMOS instruction-leel
simulatorof the Alpha InstructionSet Architecture[13, 17].
To measureinstruction-leel parallelism,we addeda time-
stampingmechanisnto the SIMOS in-order simulator We
attachatime-stampo eacharchitectedegister For example,
whensimulatinganinstruction

“R1:=R20+R23",

we setthetime-stampof R1 to oneplusthe maximumof the
time-stamp®f R20 andR23. Theprogramcounteralsohasa
time-stampsowhenexecuting

“BRANCH-IF-ZERO R3 +57,

which branchedorward 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, keep a single time-stampon the memory system,
which effectively serializesall storeinstructions,and males
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everyloadinstructiondepencbnthe mostrecentstoreinstruc-
tion (evenif thatstorewasto a differentlocation.) Thesesim-
ulation ruleswould computethe critical pathfor a processor
with aninfinite window, andan infinite numberof functional
units,no memoryparallelism,andno branchspeculation.

It turns out that we can modify the time-stampingrules to

handlemary more interestingvariations. We implemented
time-stampingulesthatmodelthedelaysnducedby alimited

fetchwidth from aninfinite instructionor tracecache/14, 11]

with a hybrid branchpredictor[7] and mispredictionpenal-
ties, by alimited window sizewith threedifferentwindow re-

filling policies(wrap-aroundcompressingandflushing), by

alimited numberof specializedpipelinedfunctionalunitsas-
signedo oldestrequestingnstructionsandby anout-of-order
load/storeunit [4]. By maintainingmultiple time-stampgor

eachstateandresourcewe cansimulatea numberof different
processorsoncurrentlyin onesimulationrun.

Time-stampindghasallowedusto model,with little time over-
head,mary processofeaturesput notall. For thesimulation
resultspresentedhere,we assumehatall memoryreferences
hit in eitherthe I-cacheor the D-cache.We aredevelopinga
simulationthatmodelscachebehaior. It is difficult for usto
accuratelymodela cacheusingtime-stampinghowever, be-
causewe processnstructionsn theserialexecutionorder not
in theorderin whichthey areexecutedby anout-of-ordemro-
cessar For the samereasonit is difficult for usto accurately
modelanon-pipelinedunctionalunit, suchasadivider.

We have alsonotfoundanefficientway to modelthe effect of

a limited numberof functional units and a wraparoundwin-

dow in which the next instructionscheduleds the readyin-

structionin the lowest-numberevindow entry, i.e. whenthe

window is wrap-aroundout the scheduleiis not. We believe

that several existing processorsisesucha scheduler Sucha

schedulefs likely to beworsethana purewrap-aroundched-
uler: it is usually preferableto schedulean older instruction
overayoungerinstructionsothatit canberetiredsooner One
problemwith a non-wrap-aroundcheduleon awrap-around
window is thatit canexhibit non-monotonidehaior.® It can

be very difficult to write good compilersfor processorshat

exhibit non-monotonibehaior.

The earliesttime-stampingorocessosimulatorthat we know
of wasimplementedor the GITA tagged-tokn dataflav ar-
chitecture[8]. We are also aware of a time-stampingsimu-
lation developedindependentlyby Intel for the PentiumPro
processor

TheSimulatedProcessos

We simulatedtwo differentprocessorsisingour time-stamp-
ing simulator Both processorgnplementthe212645 instruc-
tion set. Thefirst processqrcalleda, resemblesoday’s com-
mercialprocessorandprovidesa baselingor our study The
a hasa 4-instructionfetch width and a single 32-instruction
reorderingbuffer sharedby all instructions. The processor
fetchesanunalignedblock of four staticallyadjaceninstruc-
tionsatatime. The a canissueup to nine instructionsat a

2A non-monotonicityin a processoris a situation where
addinganinstructionto theinnerloop of aprogramcanspeed
up the program[5].
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Common
Characteristics:

Hybrid BranchPredictor(se€[7])
Predictorselectionr40962-bit counterg1024KB)

Local Predictor40962-bit counter1024KB)
GlobalPredictor(gsharew/ 3 bits) 81922-bit counterq2048KB)
32Entry jump predictionstack

32 Entryload/storeunit

InstructionLatencies:

IntegerALU (non-multiplication) 1 (2) Cycles

Integer Multiply 7
Branch 1(2)
Memory 3
FloatingPoint(non-dvision) 4
FP SinglePrecisiorDivision 12

FP DoublePrecisionDivision 15

a 32Entry Window
4-widefetch
Fetchuntil takenbranch(exceptfor gcc 1)
2integerALUs
2 branchunits
2 memoryports
1 integermultiplier
2 floatingpointunits

B 128Entry Window

8-widefetch

Fetchuntil mispredictedranch(exceptfor gcc 1)
4 integerALUs

4 branchunits

4 memoryports

4 integermultiplier

4 floatingpoint units

Figure 9: ProcessoiCharacteristics

time. The functionalunits, their numbersandtheir latencies
aredescribedn Figure9.

The secondprocessothat we simulated,called 3, approxi-
matesa processothatwe believe could be built usingour re-
designedsuperscalacomponentsand otherrecentadwances.
The 8 processowakesup, schedulesandissuesnstructions
from asingle128-instructionseorderingouffer. Usingatrace
cache[1411], the processofetchesanunaligneddynamicse-
guenceof eightinstructionsatatime. Fetchingof instructions
only incursdelayswhenamispredictedranchis encountered,
ratherthanon every branch.The 8 canissueup to twentyin-
structionsat a time. The functionalunits, their numbersand
their latenciesarealsodescribedn Figure9.

Thetwo processorse and 3, sharea numberof characteris-
tics. Both processorsisea hybrid branchpredictorthat dy-

namicallychoosedetweenwo branchpredictorsandincurs

a 3-gycle penaltyon a branchmisprediction[7]. The branch
predictortablesarethe samesizefor bothprocessors(lt may

bethatalargerbranchpredictorwould make sensdor alarger

processo) Bothalsohave fully pipelinedfunctionalunitsand

infinite sizecaches.

Thetwo processorsliffer in two importantaspectsthe struc-
ture of their reorderingouffer andthe useof bypassesThe o
processousesa compressingeorderingouffer muchlike the
21264,while the 8 usesa wrap-aroundeorderingbuffer. A
compressingeorderingbuffer canmale betteruseof its en-
tries. Onevery clock cycle, thea’s compressingdpuffer retires
all instructionghathave finishedexecutingandcompresseall
remainingentriesby pushingthemup to thetop of the buffer.
Thus, on every clock cycle, all unusedentriesare readyto
be refilled with new instructions. In contrast,a wrap-around
buffer cannotrefill anunusedentry until all olderinstructions
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havefinished.All thecircuitsdescribedn this papercanoper
ateonacompressinguffer justaswell asawrap-arounané’;
however, we do not knov how to compress 128-instruction
reorderingbuffer quickly. For thisreasonthe 8 assumesnly
awrap-arounduffer.

Unlike the o, the 8 alsosuffersfrom lack of bypassingln to-

day’s processordyypasathsallow mary dependeninstruc-
tionsto issuebackto back. With twenty functionalunits, we
assumehatthe a will requirean additionalclock cycle be-
tweencertaintypesof dependeninstructions We assumehat
instructionswith multiple-gycle executionlatenciescanover

lap theirexecutionwith the prechaging of theirresults’paths,
allowing dependentnstructionsto issuewithout delay In-

structionswith one-gcle executionlatenciecannotprechage
their results’ paths,hovever, becauseheir dependenthiave
notyetbeenscheduledAs aresult,one-gcle instructionsef-

fectively costatwo-cycle delay

Our SimulationResults

We rana numberof simulationsin orderto betterunderstand
the performancef the a andthe 3 andthe performancdoss
associatedvith the useof a wrap-aroundouffer andthe lack
of bypassing.

Figures10 and 11 shaws the resultsof our simulations. The

figure shaws the averageinstruction-leel parallelismof the

SPECcpu95benchmark§l5] asmeasuretby ourtime-stamp-
ing simulator The benchmarksvere compiledby andfor an

Alpha 21164processousingthe Digital C compilerinvoked

with

-stdl -O5 -ifo

4In fact, the scheduleand commit logic canbe madeto run
fasteron a compressindpuffer by eliminatingsegmentbits.

cc -migrate -om

)
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| Minimum Lateny = 1 | Minimum Latengy = 2 | EV6/700
(0%

(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 2.67 221 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 1.71 111
vortex 3.11 3.14 2,53 2.87 3.11 2.25 1.99

(fp) tomcatv 2.50 2.53 221 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

magrid 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
waveb 2.68 3.42 191 2.59 3.32 1.82 111

All benchmarksvarmedup for 512M (22°) instructionsandthenmeasuredver the next 512Minstructions.

Figure 10: Simulated IPC for the o processotand its variations.

which is the standard'vendorsupplied” compiler option for
compiling SPEC95.Sincethe 21164is anin-orderprocessqr
our codewas not optimizedfor the out-of-orderfeaturesof
the 21264. The highlightedcolumnsinthe figurescorrespond
to the two describedorocessorsq and 3. Despiteits limita-
tions,the 128-huffer 8 substantiallyoutperformghe 32-kuffer
a. Evenonbenchmarksuchasgcc whichhaverelatively lit-
tle parallelismthewide-windav processoshavs a significant
performanceyain.

The remainingcolumnsvary the structureof the reordering
buffer andthe bypassingpolicy. Thecolumnslabeled‘Wrap”
and“Compress’reportthe performanceof a wrap-arounde-
orderingbuffer anda compressingeorderingbuffer, respec-
tively. Thecolumnslabeled‘Flush” area stravmanarchitec-
ture in which whenthe window fills up, all instructionsmust
retire beforethe next instructioncanrun. We found thatthe
compressingvindow only buys a smallamountof additional
performanceandtheflushingwindow is muchslower.

The columnslabeled“Minimum Lateny = 2" force all in-
structionsto have atleasta lateng of two clock cycle in order
to modelthelack of bypassingn the 3 processorincreasing
thelateny of theintegerunit to two incursafairly significant
overheadhut doesnot outweighthebenefitof alargereorder
ing buffer.

For comparisonwe alsoreportin the right-mostcolumnthe
averageinstruction-leel parallelismachiered by a real ma-
chine,an Alpha GS14021264700MHz EV6 (the rightmost
column.) We have derived thesenumbersby measuringhe
numberof instructionsexecutedfor eachSPECbenchmark
anddividing by theclock speedandby thepublisheduntimes.
This IPC is only an estimate sincethe publishedCPU95re-
sultsfor the 21264are compiledwith a never compiler and
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sotheinstructioncountsaredifferent. This IPC shouldshould
resemblehe |PC of our a processor

Comparinghe « to the EV6, we concludethatour simulation
canreasonablymodelthe performanceof somebenchmarks
(gcc, compress |, ijpeg ), but predictsa muchhigherlPC
for otherbenchmarkggo, swim, su2cor ) thanis actually
achivedby a21264.Weexpectthatmary variablescontritute
to theinaccuray. First,thetwo processorslifferin anumber
of significantways. The 21264hasan integer window of 20
instructionsandan FPwindow of 15 instructionswith aclus-
tering mechanisnthat canfurtherincreasdatencies.The «,
ontheotherhand,hasonewindow of 32 instructions.For ex-
ample,[14] shaved thatthe performanceof the go program
is very sensitve to window sizeevenwhenholdingeverything
elseconstantandthusour 32-entrywindon maybebetterthan
the 212645 split 40-entrywindow. The IPC numbersin [14]
matchoursfairly closelyfor go. The o alsohastwo gen-
eralFPU’sinsteadof oneFPadderandoneFP multiplier, two
general-purposenemory ports insteadof one for eachwin-
dow, anda pipelineddivider. In addition,the « fails to model
cachemissesncludingl/O traffic.

To isolatethe impactof the tracecacheon the performance,
we alsoranthegcc SPECbenchmarlonthe smallprocessor
with atracecacheandonthebig processowith thenon-trace
I-cache.Figure 12 shavs theimpactof the tracecache.Sur
prisingly, the tracecacheis responsiblédor a relatively small
partof the speedup.

6. Conclusion

Our studiesweredonewith a 0.25um aluminumprocesghat
is alreadyobsolete We scaledour layoutinto UMC’s 0.18:m
copper/lov-K technologywithout reoptimizingit for the pro-
cessandthe SPICEtime is about0.6nsfor the schedulerWe


Alan Berenbaum
245


| MinimumlLateny =1 | MinimumLateny =2 | EV6/700
B
(8-fetch) Wrap Compress Flush | Wrap Compress Flush
(int) go 3.11 3.11 279 | 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 4.82 491 427 | 4.50 4.64 3.46 —
perl 3.23 3.23 292 | 2.75 2.75 2.46 —
vortex 4.61 4.61 412 | 431 4.33 3.73 —
(fp) tomcatv 3.24 3.24 3.05 | 259 2.59 2.38 —
swim 6.31 6.36 4,16 | 6.30 6.36 4.15 —
su2cor 3.10 3.10 291 | 2.46 2.46 2.25 —
hydro2d 5.34 5.56 3.73 | 5.22 5.42 3.66 —
mgrid 5.88 5.89 420 | 5.84 5.87 4.16 —
applu 4.67 5.03 3.24 | 459 4.99 3.13 —
turb3d 6.65 6.70 5.19 | 6.35 6.43 4.86 —
apsi 4.66 4.77 3.34 | 456 4.70 3.25 —
fpppp 3.75 3.83 285 | 3.73 3.81 2.83 —
waveb 4.96 5.14 3.52 | 4.73 4.89 3.36 —

All benchmarksvarmedup for 512M (22°) instructionsandthenmeasuredver the next 512Minstructions.

Figure 11: Simulated IPC for the 8 processomand its variations.

| Minimum Lateny = 1 | Minimum Latengy = 2 GS140,6/700
«a Wrap Compress Flush Wrap Compress Flush SpecBase
gce r 2.40 2.45 2.09 2.13 2.24 1.75 2.13
gcecr 2.49 2.58 211 2.18 2.34 1.76 —
B
gce r 3.14 3.14 2.95 2.74 2.74 2.49 —
gcecr 3.32 3.33 3.05 2.85 2.87 2.55 —

All benchmarksvarmedup for 512M (22°) instructionsandthenmeasuredver the next 512Minstructions.

Figure 12: The impact of the trace cache.The runs labelled gcg useda traditional 1-cache,where the runs labelled gcc r

useda trace cachemodel.

concludethat processorsvith 128-widewindows and mary
functionalunitsmaysoonbepractical.

Architecturalideassuchasclustering9], SMT [16], andtrace
cacheq14, 11] arelargely orthogonalto our results. For ex-
ample,processorshouldstill be clusteredbut the sizeof the
windows canbe mademuchlarger

Pattetal [12] have beenarguingfor severalyearsthatthe best
useof achipwith abillion transistorss to build a singlelarge
uniprocessor Our resultssuggesthat sucha processorcan
andshouldbebuilt.
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